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APPENDIX G

ACCOUNTING OF TRANSPORTATION EMISSIONS

G.1 Introduction

The complete evaluation of the biomass-ethanol and crude oil-reformulated gasoline
energy cycles requires an evaluation of the emissions from multiple internal combustion
engine-powered (ICE-powered) transportation modes (i.e., personal commuter vehicles,
farm equipment, material handling equipment, trucks, rail, inland barge, and ocean
barge/tanker, and pipeline) and five fuel types (i.e., reformulated gasoline, E-95, No. 2
diesel fuel, No. 6 diesel fuel, and electricity). Presented in Figure G.1 are the
transportation modes and fuel types used in each stage of the biomass-ethanol and crude
oil-reformulated gasoline energy cycles.

This appendix addresses the approach used to consistently quantify the emissions from
the ICE-powered product transportation vehicles and special use vehicles. Emissions
associated with end-use of ethanol and reformulated gasoline in personal commuter
vehicles are discussed in Appendix E. All pipeline transportation is assumed to be
electrically-powered with no direct emissions. (Pipeline electricity consumption is
discussed in Appendixes D and F under the topics of ethanol distribution, and crude oil-
reformulated gasoline transportation, respectively.)

The transportation methodology is outlined in Sections G.3 and G.4 of this appendix.
Section .3 addresses typical product transportation vehicles including trucks, trains,
inland barges, and ocean barges & tankers. Section G.4 describes the methodological
approach used to address special-use vehicles, such as farm equipment and various
loading equipment. The mathematical algorithms outlined in these two sections require
values for fuel constants, engine efficiencies, emission factors, etc. These values are
presented in Section G.2 of this appendix.

G.2 Reference Data

G.2.1 Standard Fuel Characteristics

Throughout this energy cycle analysis the following standard fuel characteristics have
been assumed:

Diesel No. 2: LHV® = 128700 BTU/gallon
s.g.® =085
density = 7.08 Ibm/gallon
carbon content: 87%
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Figure G-1. Transportation Modes and Fuel Types by Energy Cycle Stage
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Diesel No. 6: LHV = 137,500 BTU/gallon
s.g. = 096
density = 8.00 Ibm/gallon
carbon content: 90%

Reformulated
Gasoline: LHV = 110,600 BTU/gallon
s.g = 0.74
density = 6.16 lbm/gallon

Ethanol-10(59:  LHV = 107,140 BTU/gallon
s.g. = 0.75
density = 6.25 Ibm/gallon

Ethanol-95(); LHV = 77,730 BTU/gallon
s.g. = 0.79
density = 6.58 lbm/gallon

Ethanol-10009:  LHV = 75,670 BTU/gallon
s.g. = 0.79
density = 6.58 lbm/gallon

(a) Lower heating value (LHV).

(b) Specific gravity (s.g.).

(c) These data are shown for reference. They are not required to estimate
vehicle combustion emissions.

(d) Ethanol-10 is 90% reformulated gasoline, 10% ethanol by volume.

(e) Ethanol-95 is 5% reformulated gasoline, 5% ethanol by volume.

Sources: Diesel No. 2, Diesel No. 6 and Ethanol-100 (Davis 1991).
Reformulated Gasoline, Ethanol-10 and Ethanol-95 data
calculated as shown below.

An estimate of the energy density of reformulated gasoline compared to conventional
gasoline is given in Table G-1. The estimate ignores any nonideal volume changes on
mixing, and assumes that the reformulated fuel contains 15% MTBE plus enough added
alkylate to replace aromatics and olefins to the extent indicated in the table. The net
result is a decrease of approximately 4 percent in the energy density.

Because of the change in reformulated gasoline energy density, the energy ratio between

gasoline and alternative fuels will change. Using calculated heating values and ignoring
changes in mixing volumes, heating values for ethanols blends are shown in Table G-2.
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Table G-1.
Estimated Energy Density of Reformulated Gasoline

- Original [ Reformulated
Component
Vol% | BTU/Gal Vol% BTU/Gal

Aromatics 34.4_ 43,707 21.6 27,440
Olefins 9.7 9,900 5.5 5,610
Benzene 1.6 2,040 0.8 1,020
Other 543 59,353 54.3 59,353
MTBE 0.0 0 15.0 14,034
Added Alkylate 0.0 0 2.8 3,131

100.0 115,000 100.0 110,588

Table G-2.

Estimated Energy Density of Ethanol Blends

'I Fuel i | BTU/Gal_. Ratio E-Blend/Gasoline I
Reformulated Gasoline 110,588 --
Ethanol-10 107,140 0.97
Ethanol-95 ‘ 77,730 0.70

L Ethanol-100 75,760 0.69 I

G.2.2 Fuel Economy

This section discusses three topics: brake specific fuel consumption (bsfc); fuel
economies; and vehicle efficiencies.

e  Brake specific fuel consumption (bsfc) is the quantity of fuel consumed by a
vehicle engine per unit of energy generated by the engine. In this analysis, it is
expressed in the units, pounds of fuel consumed per brakehorsepower-hour
generated (i.e., Ib-fuel per bhp-hr). The bsfc is a measure of engine efficiency. It
is independent of vehicle characteristics.
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¢  Fuel economy, commonly expressed in the units "MPG", includes all inefficiencies
of the vehicle (e.g., engine inefficiencies, transmission inefficiencies, drivetrain
inefficiencies and vehicle drag). Fuel economies differ from the bsfc values in
that the bsfc values only include engine inefficiencies.

e  Vehicle efficiency was used in this analysis for calculating energy consumption by
product transportation vehicles (i.e., barges, trucks and rail). Vehicle efficiencies
are a function of the load carried and the fuel economy of the vehicle.
Specifically, vehicle efficiency is a measure of the amount of energy required to
move one ton of product one mile. In this analysis, it is expressed in the units
BTUs per ton-mile.

Bsfc factors are presented in Table G-3. The bsfc values for ocean barges and tankers
were estimated from low-speed marine diesel engine data (Sulzer Diesel 1990). Inland
barges were assumed to be either self-propelled by medium-speed diesel engines or by
tugboats using medium-speed diesel engines. Locomotives used in rail transportation are
assumed to be powered by similar medium-speed diesel engines. The bsfc values for
medium-speed diesel engines were based on Argonne National Laboratory data (1982)
for medium-speed diesel engine operation in locomotives. The locomotive medium-
speed diesel bsfc was applied to the inland barges based on knowledge that efficiencies
of these types of engines do not vary appreciably with application. Due to the low
turnover of low-speed and medium-speed diesel engines in rail, barge, and tanker
applications, the bsfc is assumed constant for the period of 1990 to 2010.

Trucks are assumed to use high-speed diesel engines. The bsfcs for trucks are correlated
with National Energy Strategy (NES) fuel economies. They were estimated by using the
1987 national average fuel economy for class 7 and 8 tractor/trailer combinations
(MVMA 1990) as a base and projecting to the years 2000 and 2010 using NES
projections (DOE 1991). The resulting fuel economies are:

1990 53 MPG
2000 5.7 MPG
2010 6.0 MPG

These values were then converted to bsfc values using Motor Vehicle Manufacturers
Association data (MVMA 1983). As illustrated in Table G-1 the bsfc for trucks
improves from 1990 to 2010 due to its correlation to the fuel economy improvement
projected in the NES. The bsfc values developed for trucks were also applied to

material handling equipment and agricultural equipment, because these applications also
use high-speed diesel engines.

Comparable fuel economy values for ethanol-95 (E95), are based on the relative energy

efficiency of the compression ignition cycle using E95. The relative energy efficiency in
1990 is similar for E95 and diesel fuel. In 2000, E95 has an overall energy efficiency
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gain of 5 to 6% over diesel due to an expected 2% engine efficiency advantage, and a
4% penalty for diesel engines due to the use of particulate exhaust traps (Lawson 1991).
In the year 2010, improvements in diesel trap technology results in a net 4% energy
efficiency advantage for E951. The projected E95 fuel economies are:

1990 3.1 MPG
2000 3.5 MPG
2010 3.7 MPG

The bsfc values for ethanol trucks are presented in Table G-3.

Table G-3.
Brake Specific Fuel Consumption by Transportation Mode
bsfc (Ib-fuel per bhp-hr)@

Transportation Mode 1991 2000 2010
. Tanker/Ocean Barge(b) 0.28 0.28 0.28
Inland Barge 0.37 0.37 0.37
Rail 0.37 0.37 0.37
Truck® 0.50 046 | 044
Material Hndlg. Equip. 0.50 0.46 0.44
Agricultural Equip. 0.50 0.46 0.44
Ethanol Truck ) 0.78 067 | 066

(a) All modes use No. 2 diesel fuel, except as noted.
(b) Uses No. 6 diesel fuel.

(¢) Correlated with NES fuel economies.

(d) Uses Ethanol-95.

Sources: Tanker/Ocean Barge data (Sulzer Diesel 1990).
Rail data (ANL 1982).
Inland barge, trucks and equipment data was derived as
described in text.

IFinal performance estimates were prepared by J.E. Sinor Consultants, Inc. using the references cited in
the text, the NES, and Mintz 1991,
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Table G-4 presents vehicle efficiencies in the units BTU-in per ton-mile. This efficiency
is the BTUs of fuel that are burned by a vehicle to move one ton of product one mile.

Table G-4.
Vehicle Efficiencies
BTU-in
Transportation Mode ton-mile
Inland Barge 400
Rail 434
Trucks (a)

(a) See discussion below.

Sources: Inland Barge and Rail (Davis 1991)

Vehicle efficiencies for trucks are a function of the load carried and the fuel economy.
For example, a flat-bed tractor trailer hauling biomass in the year 2010 is projected to
have a fuel economy of 6.0 MPG (from the discussion above). Based on a 20-ton load, a
heating value for No. 2 diesel fuel of 128,700 BTU/gallon and a density of 7.08
Ibm/gallon, a flat-bed tractor trailer efficiency of 1070 BTU-in per ton-mile can be
calculated. Tanker trucks used to haul gasoline, E10, and E95, are assumed to have
same fuel economy as flat-bed tractor trailers.

G.2.3 Emission Factors

Tables G-5 through G-10 present emission factors by engine type, duty cycle and fuel,
and include the following:

*  high-speed, heavy-duty engines for trucks using No. 2 diesel fuel;

¢  high-speed, heavy-duty engines for agricultural equipment using No. 2
diesel fuel;

*  high-speed, heavy-duty engines for material handling equipment using No.
2 diese] fuel;
high-speed, heavy-duty engines for trucks using ethanol-95;
high-speed, heavy-duty engines for agricultural equipment using ethanol-95;
and

*  medium-speed engines for rail and inland barges using No. 2 diesel fuel.
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Neither the EPA nor the California Air Resources Board--the most likely sources for this
type of data--report any available emissions data for low-speed marine diesel engines
that consume No. 2 diesel fuel. It was assumed that, the medium-speed diesel emission
factors also apply to low-speed diesel applications.

Emissions factors are presented in "grams per brakehorsepower-hour" (i.e., g/bhp-hr) or
"grams per pound of fuel consumed" (i.e., g/lIb-fuel). The units g/bhp-hr refer to the
amount of emissions released for each brakehorsepower (i.e., unit of energy) generated
by a vehicle’s engine. Emissions factors presented in the units g/bhp-hr are either
directly based on scientific test data or extrapolated from it. As referenced in the
footnotes of Tables G-5 to G-10, much of this data comes from EPA 1985. While this
source contains the best data currently available, it’s applicability to 1990 and future
vehicles is somewhat subjective. Sulfur dioxide and carbon dioxide emissions are a
function of the quantity of fuel combusted and are independent of engine type.
Consequently, the emission factors for SO, and CO, are expressed in the units "g/lb-
fuel".

Table G-5.
High-Speed, Heavy-Duty Engine for Trucks
Using No. 2 Diesel Fuel

| Units 1990® 2000 2010®)
Exhaust VOCS© g/bhp-hr 1.1 1.0 0.5
Evaporative VOCs g/bhp-hr nil nil nil
Co g/bhp-hr 48 3.0 2.0
NOx g/bhp-hr 4.8 3.8 2.0
Total PM g/bhp-hr 0.5 0.08 0.08
CO, g/lb-fuel 1448 1448 1448
SO; g/1b-fuel 45 0.45 0.45

(a) Based on emissions data in EPA Report AP-42.

(b) Projections based on emissions data in EPA Report AP-42, future heavy-
duty diesel engine standards, and research goals now set by the engine
industry (SRI 1991).

(c) Poly Nuclear Aromatic (PNA) compounds are components of diesel
exhaust emissions, but they have not been sufficiently characterized to
report on a quantitative basis.
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High-Speed, Heavy-Duty Engine for Agricultural Equipment
Using No. 2 Diesel Fuel

Table G=6.

Units 1990@) 2000 2010® II
Exhaust VOCs® g/bhp-hr 1.7 1.4 11 |
Evaporative VOCs g/bhp-hr nil nil nil
CO g/bhp-hr 3.34 4.0 4.8
NOx g/bhp-hr 9.39 7.1 4.8
Total PM g/bhp-hr 128 0.9 0.5
Co, g/lb-fuel 1448 1448 1448
S0, g/Ib-fuel 45 0.45 0.45

(a) Based on emissions data in EPA Report AP-42,

(b) Year 2010 projection based on farm tractor emissions reaching levels of
high-speed, on-road engines of 1991.
(¢) Poly Nuclear Aromatic (PNA) compounds are components of diesel

exhaust emissions, but they have not been sufficiently characterized to
report on a quantitative basis.
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High-Speed, Heavy-Duty Engine for Material Handling

Table G-7.

Equipment Using No. 2 Diesel Fuel@®)

| Units 1990 2000 2010®)
Exhaust VOCs(© g/bhp-hr 0.97 0.80 0.63
Evaporative VOCs g/bhp-hr nil nil nil
CO g/bhp-hr 2.7 3.2 3.9
NOx g/bhp-hr 8.8 6.7 4.5
Total PM g/bhp-hr 0.81 0.57 0.31
Co, g/1b-fuel 1448 1448 1448
| SO, g/lb-fuel 45 0.45 0.45

(a) Based on emissions data in EPA Report AP-42.
(b) Year 2000 and 2010 projections based on equivalent rate of improvement

projected for farm tractor emissions.
(c) Poly Nuclear Aromatic (PNA) compounds are components of diesel

exhaust emissions, but they have not been sufficiently characterized to
report on a quantitative basis.
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Table G-8.
High-Speed, Heavy-Duty Engine for Trucks
Using E95 Fuel

Units 1990 2000 2010 2010()
Exhaust g/bhp-hr 35 1.5 1.0 0.3
vOoCs(©
Aldehydes g/bhp-hr 0.25 0.15 0.10 0.05
Evaporative | g/bhp-hr 2.0 1.5 1.0 1.0
VOCs
Cco g/bhp-hr 7.0 5.0 4.0 1.2
NOx g/bhp-hr 35 2.5 2.0 1.5
Total PM g/bhp-hr 0.3 0.08 0.05 0.04
Co, g/Ib-fuel 1447 1447 1447 1447
S0, g/1b-fuel 0.002 0.002 0.002 0.002

(a) Based on engine test results conducted on a Detroit Diesel two-stroke
engine converted for ethanol using the latest technology (Carroll 1990) and
on projected improvements in technology and future emission standards.

(b) Year 2010 truck with catalytic converter.

(c) Exhaust VOC expected to consist primarily of acetaldehyde.

(d) Evaporative VOC expected to consist primarily of ethanol and denaturant
(gasoline).
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High-Speed, Heavy-Duty Engine for
Using E95 Fuel

Table G-9.

.:(agricultural Equipment
a

Units 1990() 2000 2010
Exhaust VOCs(® g/bhp-hr 54 35 2.0
Aldehydes g/bhp-hr 0.4 0.3 0.2
Evaporative VOCs g/bhp-hr 3.0 2.0 1.0
CO g/bhp-hr 4.9 4.0 3.0
NOx g/bhp-hr 6.8 5.0 2.0
Total PM g/bhp-hr 0.8 0.6 0.4
CO, g/lb-fuel 1447 1447 1447
50, | g/1b-fuel 0.002 0002 0.002

(a) Based on engineering estimates relative to high-speed ethanol engine
emission levels.
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Table G-10.
Medium-Speed, Heavy-Duty Engine for Rail and Inland Barges

Using No. 2 Diesel Fuel®

Units 1990() 2000 2010

Exhaust VOCs(® g/bhp-hr 0.5 0.4 0.3
Evaporative VOCs g/bhp-hr nil nil ~ il
CcO g/bhp-hr 2.0 1.5 1.0
NOx g/bhp-hr 10.0 7.0 5.0
Total PM g/bhp-hr 0.25 0.15 0.10
co, g/Ib-fuel 1448 1448 1448
SO, g/1b-fuel 45 0.45 0.45

(a) Based on emissions data from Wakenell (1991) and on projected emission

trends (Winner 1991).
(b) Poly Nuclear Aromatic (PNA) compounds are components of diesel

exhaust emissions, but they have not been sufficiently characterized to
report on a quantitative basis.

G.3 Transportation Methodology: Typical Product Transportation Vehicles

Addressed in this section is the methodology used to evaluate trucks, including:

MSW transportation trucks;
(transfer station to separation facility and separation
facility to ethanol plant)

agricultural biomass transportation trucks; and

fuel transportation trucks; along with

Trains/Inland Barges/Ocean Barges & Tankers, including
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The fundamental equation involved in the approach is as follows:

gms of emissions « _bhp-hr . ton-miles = gms of emissions
bhp-hr ton-mile

In the remainder of this appendix this equation is referred to as the "general emissions
equation."
Explanatory notes on this equation and its application follow.

1.  The first term in the equation,

gms of emissions
bhp-hr

refers to the grams of emissions per brakehorsepower-hour generated by
the engine used in the transportation vehicle. This emission factor varies
with engine type, duty cycle, and fuel. Emission factors are summarized in
Section G.2.

2. The second term in the equation,

_bhp-hr
ton-mile

is the amount of energy required to haul one ton of product one mile. The
denominator ton-mile should not be confused with units of energy (e.g., Ib-
ft or more commonly ft-Ibs). The factor "bhp-hr per ton-mile" varies with
vehicle type. The appropriate factors for each vehicle type are summarized
in Section G.2.

3.  The third term in the equation,
ton-miles
is the total tons shipped by a given mode times the total miles traveled.

For example, if 20 tons of agricultural biomass is transported via rail over a
200 mile distance, the ton-miles is 4000.
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G.3.1 Trucks
A subset of "typical product transportation vehicles" is trucks,

The approach described below has been used throughout the energy cycle analysis.
However, the specific application of the approach differs slightly depending on truck type
(i.e., flat-bed/box trailer or tanker truck) and form of source data that is available for
each truck type. The differences are outlined below.

For MSW hauling and agricultural biomass hauling trucks, an average load of 20 tons is
assumed, along with the use of a heavy-duty, high-speed engine. Based on the fuel
economies presented in Section G.2 and the brake specific fuel consumption for trucks
presented in Table G-3, the general emission equation shown below

gms of emissions « _bhp-hr . ton-miles = gms of emissions
bhp-hr ton-mile

can be reduced to:
gms of emissions . miles = gms of emissions
mile

Similarly, the emission factors for trucks shown in Tables G-5 and G-8 can be converted
to a "gms of emissions per mile-basis." The results of this conversion are shown in
Tables G-11 and G-12. Using the equation above, and the emission factors in Tables
G-11 and G-12, the total emissions for any truck scenario based on a 20-ton load can be
calculated.

In the case of tanker trucks and tanker wagons, rather than explicitly calculating the
inputs to the general emission equation:

gms of emissions » _bhp-hr . ton-miles = gms of emissions
bhp-hr ton-mile

the equation was simplified to the following:

gms of emissions « bhp-hr = gms of emissions
bhp-hr 10° BTUs transported

This approach was taken because source data was readily obtained and easily converted
to the units of the second term in this equation, "bhp-hr per 10° BTU transported."
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Table G-11.
High-Speed, Heavy-Duty Engine for Trucks with 20-ton Load
Using No. 2 Diesel Fuel

—

Units 1990(3)_|_ 2000 2010®)
Exhaust VOCs(®) g/mile 29 | 2.7 13
Evaporative VOCs g/mile nil nil nil
CcO g/mile 12.9 8.1 54
NOx g/mile 12.9 10.2 54
Total PM g/mile 1.35 0.22 0.22
CO, g/mile 1940 1796 1709
SO, g/mile 0.61 0.56 0.54
fuel consumed® Ib/mile 1.34 1.24 1.18

(a) Calculated using the emission factor with the units "g/Ib-fuel"

and the a fuel economy with the units Ib-fuel/mile."

(b) Direct unit conversion from the units "MPG."

G.3.2 Trains/Inland Barges/Ocean Barges & Tankers

A second subset of "typical product transportation vehicles” is inland barges, ocean
barges/tankers, and trains. Emissions from these transportation modes were assessed in
a similar manner to trucks using the general form of the emissions equation.

In the MSW and agricultural biomass segment of the analysis, the "ton-miles" required
for each product shipped was estimated and used with the emission factors (gms of
emissions per bhp-hr) from Table G-10 for medium-speed diesel engines and vehicle

efficiencies (i.e., bhp-hr/ton-mile) from Table G-4 to calculate total emissions. The
equations used to perform the necessary calculations are outlined below.
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High-Speed, Heavy-Duty Engine for Trucks with 20-ton Load

Table G-12.

Using E95 fuel

Units 1990®@ 2000 2010

Exhaust VOCs(® g/mile 29.42 4.04 0.81
Aldehydes g/mile 0.67 0.40 0.13
Evaporative VOCs g/mile 5.38 4.04 2.69
CO g/mile 18.83 13.45 3.23
NOx g/mile 9.42 6.73 4.04
Total PM g/mile 0.08 0.22 0.11
Co, g/mile 3068 2720 2576

SO, g/mile 0.004 0.004 0.004
fuel consumed® 1b/mile 2.12 1.88 1.78

(a) With catalyst.

(b) Calculated using the emission factor with the units "g/Ib-fuel"
and the a fuel economy with the units 1b-fuel /mile."

(¢) Direct unit conversion from the units "MPG."

Ocean barges/tankers use low-speed diesel engines combusting No. 6 diesel, however,
discussions with EPA’s Office of Mobile Sources and the California Air Resources Board
indicate that no specific emissions data for this barge configuration is available.
Consequently, medium-speed diesel emission factors were used along with the same
emissions estimating equations.

gms of emissions » _bhp-hr . ton-miles = gms of emissions
bhp-hr ton-mile

Total fuel consumption is estimated by applying the following equation:

lb-fuel « _bhp-hr_ . ton-miles = lbs of fuel consumed.
bhp-hr  ton-mile '
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SO, and CO, are estimated with the following equation:

1b-CO, _or SO, » Ibs of fuel consumed = Ibs of CO, or SO,
Ib-fuel

Transportation of fuel (i.e., crude oil, E10, E95, and gasoline) was calculated based upon
the general emissions equation as shown below:

gms of emissions . _bhp-hr _ . ton-miles = gms of emissions
bhp-hr ton-mile

This equation was simplified to the following:

gms of emissions « bhp-hr = gms of emissions
bhp-hr 10° BTUs transported

This approach was taken because source data for fuel transportation was readily
available and easily converted to the form of the second term in the equation, "bhp-hr
per 10° BTU transported.”

G.4 Transportation Methodology: Special-use Vehicles

This section describes the methodological approach used to address special-use vehicles
which include:

MSW collection garbage trucks,

MSW transfer station loading equipment,

MSW separation facility loading equipment,

ethanol facility bulk feedstock handling equipment, and
farm equipment.

The approach presented here for special-use vehicles is consistent with the above
approach for product transportation vehicles; however, it is tailored to address the
unique operating characteristics of farm equipment, MSW collection and loading
equipment, and ethanol plant feedstock handling equipment. The equation for
calculating emissions is as follows:

gms of emissions « bhp-hr = gms of emissions
bhp-hr
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1. The first term of the equation,

gms of emissions
bhp-hr

is the appropriate emissions factor from Tables G-5, G-6 or G-7 were used,
as relevant. (Garbage truck emissions were based on the emission factors
for high-speed, heavy-duty diesel engines shown in Table G-5.

2. The second term of the equation,
bhp-hr

is the amount of energy expended to perform the job at hand. For
example, the amount of energy to apply a ton of fertilizer or the amount of
energy to collect a ton of MSW. Bhp-hr is measured at the drive shaft.
This variable was calculated for each activity within each segment of the
energy cycle analysis and is documented in the relevant sections of each
appendix.

Total fuel consumption for special-use vehicles was estimated by applying the following
equation:

Ib-fuel . bhp-hr = Ibs of fuel consumed.

bhp-hr
The factor "lb-fuel/bhp-hr" is shown in Table G-3.
SO, and CO, are estimated with the following equation:

1b-CO2 or SO2 . lbs of fuel consumed = Ibs of CO, or SO,

Ib-fuel
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APPENDIX H
ENVIRONMENTAL FACTORS ASSOCIATED WITH ELECTRICITY INPUTS
H.1 Introduction

The biomass-ethanol and crude oil-reformulated gasoline energy cycles differ in the amount
of electricity used in the stages of their cycles which include raw material extraction,
material transportation, transformation (to a refined fuel), and fuel distribution. For
instance, to produce and combust enough reformulated gasoline to travel one billion vehicle
miles in 2010, over 30 million kilowatt hours (kWh) of electricity are needed (approximately
half of which is used in the gasoline distribution stage, and the rest in the refining, crude
transportation and crude production stages.) In contrast, enough electricity is produced via
cogeneration in the biomass-ethanol conversion stage to not only offset the electricity
demands by the both the conversion process and the biomass production and transportation
stages, but also to produce a net surplus of electricity of over 35 million kWh.

The environmental emissions associated with this difference in electricity consumption can
be accounted for by introducing factors that indicate how much pollution is created per unit
of electricity generation. Table H.1 summarizes the results of applying such factors to the
electricity consumption/generation estimates for reformulated gasoline and ethanol, over
their entire energy cycles for a billion miles of vehicle travel. The pollution produced per
unit of electricity generation differs among regions of the country (because every region has
a unique mix of generating technologies, each of which has a different set of environmental
emissions). The regional scenarios shown in Tables H.la and H.1b demonstrate the
potential range of environmental benefits associated with the electricity surplus produced
by the biomass-ethanol scenarios. Table H.1a presents the incremental amount of emissions
associated with secondary electricity consumption/generation. Positive values indicate that
there is a net increase in emissions for a particular energy cycle scenario (e.g., year 2000
reformulated gasoline). Negative values indicate that there is a net decrease in emissions
for a particular energy cycle scenario (e.g., year 2010 Tifton).! Table H-1b presents the
total emissions and wastes associated with the entire primary energy cycle plus secondary
electricity consumption/generation emissions.

1 The electricity surplus produced by the biomass-ethanol energy cycle would result in reduced level of
electricity production via the more traditional means in the region, resulting in a reduction in pollution. Even
if it is assumed that the surplus electricity is not sold to the electricity grid and therefore, is not used to supplant
traditionally-generated electricity, the biomass-ethanol energy cycle still provides a considerable environmental
benefit because the biomass-cthanol cycle does not require any electricity from the grid. Therefore, the
minimum environmental benefit of the biomass-ethanol cycle is that it eliminates the environmental pollutants
associated with electricity used in the crude oil-reformulated gasoline cycle (shown in Table H.1a).
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Table H-1a.

Emissions & Wastes Associated with Secondary Electricity Generation (tons)

2000 2010
Ref Gas Chicago Ref. Gas | Rochester Tifton Peoria Lincoln Portland
SO, 71 92 50 -46 -87 -125 -92 -8
NO, 63 75 54 -57 -63 7-103 -118 -87
PM 5 5 4 -12 -6 -4 -5 -3
Co, 22700 27200 20400 -21800 -24000 -31400 -32000 -16900
Solid Wastes 3800 4600 3500 -3100 -5100 -6200 -6300 -2900
Table H-1b.
Total Emissions & Wastes Associated with Energy Cycle Including Secondary Electricity Generation (tons)
2000 2010 l
- Ref Gas Chicago Ref. Gas | Rochester Tifton Peoria Lincoln Portland
SO, 174 145 144 -6 -57 -Sé -48 16
NO, 665 690 415 333 308 274 276 247
PM 10 16 9 50 54 58 57 74
Co, 380000 416000 340000 10900 2300 -3600 1900 -600 ||
Solid Wastes 4600 11700 4200 17200 12900 14100 22200 13500 "
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This appendix describes the computation of the regional environmental factors associated
with electricity that support the results shown in Tables H.la and H.1b. Section H.2
provides a general overview of the methodological approach to computing and applying the
factors. Section H.3 gives more detail on the data sources for the regional air, water, and
waste factors. Section H.4 explains the way in which factors were weighted for use in the
crude oil-reformulated gasoline energy cycle.

H.2 Overview of Methodology

The environmental factors included in the analysis of electricity impacts are: air pollutant
emissions (including, sulfur dioxide [SO,], nitrogen oxides [NO,], and total suspended
particulates [TSP]), carbon dioxide [CO,] emissions, and solid waste volumes. Factors were
initially computed in terms of pounds of emissions (or wastes) per megawatt-hour (ZMWh)
of electricity produced. Using these factors, a certain electricity demand (input)” for a
particular stage of an energy cycle can then be translated into the associated secondary
environmental emissions/wastes’:

Factor (in Ibs/MWh) x MWh consumed = Pounds of pollution (or waste)?.

Because the mix of generating units and, hence, the environmental effects of electricity
production, vary significantly among regions of the United States, average factors for each
Federal Region were calculated, so that a variety of different locations could be examined.

For the biomass-ethanol energy cycle, six sites were examined (i.e., Chicago, Illinois as a
year 2000 location and as year 2010 locations: Tifton, Georgia; Peoria, Illinois; Lincoln,
Nebraska; Portland, Oregon; and Rochester, New York). With the exception of electricity
associated with the gasoline inputs to ethanol fuel, for each hypothetical site, the electricity
inputs used in all stages of the biomass-ethanol cycle were assumed to be generated in the
Federal Regions in which these sites are located (see Figure H-1 for a map of the Federal
Regions). In other words, any electricity needed for biomass collection/harvesting,

2 1t is assumed that no electricity is lost between production and consumption, Although this is inaccurate,
the loss is fairly small and this simplification should not significantly alter the results.

3 In the context of the biomass-ethanol and crude oil-reformulated gasoline energy cycles examined in this
study, the emissions associated with the production of electricity are called "secondary” emissions, because unlike
the other environmental emissions that are included in this analysis, they do not result directly from the operation
of a stage in the energy cycle. (Emissions of operation are termed "primary” emissions). Instead, they result from
the production of an input to the energy cycle.

“The final calculation to estimate emissions and waste volumes associated with electricity production for each
scenario was conducted by multiplying the amount of electricity (expressed in MBTUS) that is consumed in cach
stage of the energy cycle by the appropriate environmental factor expressed in the units Ibs per MBTU. This
calculation requires a conversion factor of 3.4119 MBTU per MWh.
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transportation, and conversion, as well as ethanol distribution and end use, was assumed to
be generated by an "average" electric utility located in the Federal Region. Section H.3
(below) describes the details of the computation of the electricity generation emission/waste
factors which are weighted based on the projected generation mix in each region for the
years 2000 and 2010. Emissions associated with electricity used in producing gasoline, which
constitutes 90% of the ethanol fuel in the year 2000 and 5% of the ethanol fuel in the year

2010, were calculated as described in Section H.4,

HAWAI
VIRGIN ISLANDS

C:-:z

PUERATOD AICD

Figure H-1. Map of Federal Regions

It is important to note that because the ethanol blend evaluated in the year 2000 is 90% gasoline, the
electricity consumption associated with the crude oil-reformulated gasoline energy cycle has a major effect on
year 2000 biomass-ethanol energy cycle. Further, in the overall analysis it was assumed that the gasoline and
ethanol components would be mixed somewhere within the fuel distribution system (probably at a marketing
terminal), however, what distances each fuel would be transported before and after mixing and how much of the
existing infrastructure could be used was not highly scrutinized. Because there is considerable electricity
consumption in the distribution stage of both fuels, overall electricity consumption is dramatically affected by the
assumptions for fuel distribution. Assumptions used in this segment of the analysis are biased toward improving
the outlook of gasoline. The analysis could benefit from additional analytical attention to this area. The fuel
distribution projections for the year 2010 are much more balanced.
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Unlike ethanol production which will require an infrastructure that is largely concentrated
within one region, reformulated gasoline (both as a direct vehicle fuel and as an input to
ethanol-blend fuels) will be produced using the existing, geographically distributed
infrastructure for oil production, crude transportation, refining, etc. To reflect this, a
national average mix of electricity sources was computed for the years 2000 and 2010 for
each stage of the energy cycle: crude oil production, crude transportation, refining, and
gasoline distribution.? To determine the most likely mix of generating units expected to
service each stage, the current regional distribution of oil-related activities was
characterized. Next the expected regional shifts in some of these activities over time due
to potential changes in oil production projected in the National Energy Strategy (e.g., an
increase in Alaskan oil) were identified. These regional shares of oil-related activities were
used in conjunction with the environmental factors associated with electricity production in
each region (the same factors that were used for the biomass-ethanol scenarios) to estimate
the average environmental factors for each oil-related energy cycle stage. Further detail on
the methodology and data sources are provided in Section H.4 below.

H.3 Estimation of Regional Environmental Factors For Electricity Generation

The following sections describe the computations and sources of information for the regional
air pollutant, carbon dioxide and solid waste factors.

H.3.1 Air Pollutant and Carbon Dioxide Emissions

Air pollutant emission factors for electricity generation in the ten Federal Regions for the
years 2000 and 2010 were estimated principally from projections made by Energy
Information Administration (EIA) and reported in the publication, Annual Outlook for U.S.
Electric Power 1991: Projections Through 201 0.7 The average regional air emission factors
for sulfur dioxide (SO,), nitrogen oxides (NO,), and carbon dioxide (CO,) were calculated
by dividing total regional emissions from generation (both utility and non-utility sources) by
total regional generation, for each year of interest. The results are shown in Tables H.2 and
H.3 for the years 2000 and 2010, respectively. The EIA projections consider the effect of
the Clean Air Act Amendments of 1990 on sulfur dioxide emissions.

For total suspended particulates (TSP), information was extracted from Energy Systems
Emissions and Materiel Requirements (Meridian 1989) and Energy Technology Characterization
Handbook: Energy Pollution and Control Factors (DOE 1983) for a typical pulverized coal
plant, oil-fired steam plant, and gas-fired steam plant. The calculation of average TSP

No electricity was assumed to be consumed in the end-use stage.

"Tables B1 through B10 (EIA 1991).

8Emission factors for atmospheric fluidized bed and other coal technologies are similar to those for
pulverized coal plants. Since the technology of choice in 2000 and 2010 is speculative, the pulverized coal

technology, which is the one most commonly used today, seems a reasonable choice for this analysis.
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Air Emissions Factors by Region - 2000

Table H-2,

Generation

1000 MWh

Emissions (1000 tons)

Emissions (Ib/MWh) l

s0,®

NO

X

Co,

1 New England 140,400 373 100 | 39,600 5.31 143 | 564.1
2 New York/

New Jersey 226,600 434 200] 99,100 3.83| 177| 874.1
3 Middle Atlantic 407,600 2310 600 | 294,600 | 11.38 294 | 14455
4 Southeast 776,700 2468 | 1400 | 516,200 | 636 | 3.61| 13292
5 Great Lakes 649,500 2297 | 1600 | 516,700 7.07 4.93 | 1591.1
6 South Central 546,300 682 | 1000 | 404,300 | 2.50| 3.66 | 1480.1
7 Central 183,800 398 600] 162,800 | 433 653 17705
8 Mountain 183,800 321 500 | 170,000 3.49 5.44 | 1849.8
9 West 357,700 165 500 | 164,300 0.92 280 9186
10 Northwest 187,700 2 100 | 20,600 0.55 1.07 1 2195

(a) The regions are the standard Federal Regions (see Figure H.1)

b) The total SO, emissions are emissions from generation. It was assumed that regions
2 g g

purchase emission allowances in order to meet generation needs.
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Air Emission Factors by Region - 2010

Table H-3.

Emissions (1000 tons)

Emissions (Ib/MWh) |

Generation

s02(®)

NO*

Co,

SO, | NO, | CO,

———

1 New England 169,400 242 200 64,200 2.86| 2.36| 758.0
2 New York/

New Jersey 282,100 320 400 | 156,500 { 2.27 | 2.84 | 1109.5
3 Middle Atlantic 482,500 2016 700 | 350,600 | 8.36 | 2.90| 1453.3
4 Southeast 934,400 2327 | 1700 | 645,800 | 4.98 ) 3.64 | 13823
5 Great Lakes 798,000 2419 | 2000 | 614,600 | 6.06 | 5.01] 15404
6 South Central 644,800 688 1 1100 | 467,000 | 2.13 | 3.41| 14485
7 Central 217,700 543 700 | 191,800 | 4.99 | 6.43 | 1762.1
8 Mountain 210,500 243 500 | 185,900 | 231 | 4.75| 1766.3
9 West 459,000 157 600 | 233,900 | 0.68 | 2.61| 1019.2
10 Northwest 232,400 28 200 | 47,000 | 024 1.72| 4045

(a) The regions are the standard Federal Regions (see Figure H.1)
b) The total SO, emissions are projected emissions from generation. Some re ions are
2 are proj : g : g
assumed to purchase emissions allowances in order to meet generation needs.
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factors was based on the typical values for the above-referenced generation technologies and
the percentage of coal-, gas-, and oil-fired generation projected for the years 2000 and 2010,
as reported in the Annual Outlook for U.S. Electric Power 1991: Projections Through 2010
(E1A 1991). The values for typical generation are shown in Table H4. The percentage of
generation by fuel source on a regional basis for the years 2000 and 2010 is shown in Tables
H.5 and H.6, respectively. The weighted average values for total suspended particulates are
provided in Table H.7.

H.3.2 Solid Wastes

Solid wastes are produced from generation associated with both coal- and oil-fired power
plants.’ Based on information provided in Energy Technology Characterizations Handbook:
Energy Pollution and Control Factors (DOE 1983), the solid waste produced by coal-fired
power plants is approximately 467.4 pounds per MWh. For oil-fired plants the value is 112.0
pounds per MWh. Wastes included are ash (bottom and fly ash), sulfur removal
sludge/waste, and coal-cleaning wastes (coal cleaning is assumed to occur at the plant).10
Based on the values from DOE (1983) and the weighted generation by fuel mix for each
region shown in Tables H.5 and H.6, the regionally-weighted solid waste production values
shown in Table H.8 were calculated.

Table H-4,
Emissions Factors for Total Suspended Particulates by Generation Technology

Coal Fired Power Plant: 0.285 Pounds per Megawatt-hour
Oil Fired Power Plant:  2.799 Pounds per Megawatt-hour

Gas Fired Power Plant: 0.293 Pounds per Megawatt-hour

Sources: Meridian 1989; DOE 1983.

Next-order effects, i.e., the wastes associated with power plant fuel extraction, processing, and transportation
were not included.

%Values are based on a plant using eastern coal, an electrostatic precipitator for particulate control, and
flue-gas desulfurization (FGD) for SO, control. Use of this value may overstate the waste volume, since not all
plants in 2000 and 2010 will use FGD devices.
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Table H-5.
Regional Fuel Mix (Percent of Total) - 2000

Region Coal Gas oil Other® |
1 New England 123 6.8 24.0 56.0
2 New York/
New Jersey 13.5 18.7 23.0 447
3 Middle Atlantic 63.3 6.3 7.6 22.9
4 Southeast 553 7.9 6.6 30.2
5 Great Lakes 68.5 8.0 0.7 22.8
6 South Central 45.0 41.0 0.0 13.9
7 Central 69.4 15.8 0.4 14.4
8 Mountain 78.6 3.8 1.2 16.5
9 West 19.3 28.7 5.0 47.0
10 Northwest 4.1 59 1.6 88.5
(a) Other generation includes nuclear, renewables, and purchases from suppliers

outside the region.

Source: EIA 1991.
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Table H-6.
Regional Fuel Mix (Percent of Total) - 2010

Region Coal Gas | o Other(®
1 New England 15.5 N 9.7 [ 20.3 54.6
2 New York/
New Jersey 30.1 18.5 15.7 25.7
3 Middle Atlantic 65.8 8.7 42 21.3
4 Southeast 60.8 6.8 4.5 28.0
5 Great Lakes 65.8 14.5 04 19.3
6 South Central 45.1 41.8 0.0 13.1
7 Central 73.6 12.4 0.7 13.3
8 Mountain 73.5 8.8 1.0 16.7
9 West 32.6 21.1 33 43.0
10 Northwest 14.6 34 0.9 79.1
(a) Other generation includes nuclear, renewables, and purchases from suppliers
out§iQe the region. These electricity sources are assumed to contribute on
emission.

Source: EIA 1991,
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Weighted Emission Factors for Total Suspended Particulates by Region

Table H-7.

(pounds per MWh)

Region 2000 2010
1 New England 0.73 0.64
2 New York/
New Jersey 0.74 0.58
3 Middle Atlantic 0.41 0.33
4 Southeast 0.37 032
5 Great Lakes 0.24 0.24
6 South Central 0.25 0.25
7 Central 0.25 0.27
8 Mountain 0.27 0.26
9 West 0.28 0.25
10 Northwest 0.07 0.08
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Table H.8.
Weighted Factors for Solid Waste Generation by Region
(pounds per MWh)

L Region 2000 2010
1 New England 84.4 95.2
2 New York/

New Jersey 88.8 158.3
3 Middle Atlantic 304.4 - 3123
4 Southeast 265.9 289.2
5 Great Lakes 321.0 308.0
6 South Central 2103 210.8
7 Central 324.8 3448
8 Mountain 368.7 344.7
9 West 95.8 156.1
10 Northwest 20.9 69.3

H.4 Calculation of Regional Shares of Electricity for Use in the Crude Oil-Reformulated
Gasoline Energy Cycle

Only two reformulated gasoline scenarios are examined in the analysis (i.e., one for the year
2000 and one for the year 2010), as opposed to a series of regional sensitivity scenarios, such
as those evaluated for the biomass-ethanol energy cycle. Because the crude oil-reformulated
gasoline energy cycle is disbursed across multiple geographic regions, the electricity-related
environmental factors had to be regionally weight-averaged. Currently, oil production is
regionally concentrated, with high levels of activity in the Texas-Louisiana-Oklahoma area
(Region 6), the north central U.S. including Wyoming (Region 8), California (Region 9),
and Washington State and Alaska (Region 10). Refining activity is concentrated in the
Texas-Louisiana area (Region 6), and California (Region 9) with minor concentrations in
New Jersey, Pennsylvania, Illinois and Ohio, and Washington (Regions 2, 3, 5, and 10,
respectively). On the other hand, the distribution of gasoline from the refinery to the end
users is a dispersed activity, occurring in all states. To capture the environmental
emissions/wastes of the electricity consumed in the production, refining, and distribution
stages of the reformulated gasoline energy cycle, the differences in the regional distributions
of the these activities was considered, and regional environmental factors (documented
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above in section H.3) were weight-averaged separately for each stage of the crude oil-
reformulated gasoline energy cycle.

H.4.1 Crude Oil Production and Transportation

Table H.9 shows current levels of crude oil production, by state and region.!! These data
provide the principal basis for the regional shares of both crude oil production and crude
oil transportation. However, the shares were altered for 2000 and 2010 to reflect some
broad changes expected in regional crude oil production. The National Energy Strategy
(NES) projections for regional production of crude oil are shown in Table H.10. For this
analysis, the regional shares to were matched to the NES projected oil production
onshore, 12 offshore, and in Alaska (including the North Slope and ANWR). In each of
these three categories for each of the two projection years (2000 and 2010), the data shown
in Table H.9 was used to provide the regional breakdown within the category. The onshore
production was distributed to Regions 3, 4,5, 6, 7, 8 and 9 in proportion to each region’s
current share of onshore production. Similarly, the offshore production was distributed to
Regions 6 and 9, and the Alaskan production was assigned to Region 10. The resulting
regional shares for both years are shown in Table H.11.

These shares were assumed to be a surrogate for the distribution of electricity consumption
by crude oil production and transportation activity. They were used to weight-average the
regional environmental factors (see Section H.3), resulting in a set of nationally-averaged
factors for electricity consumed in the crude oil production and transportation stages of the
crude oil-reformulated gasoline energy cycle.

H.4.2 Refining

Regional shares of oil refining activity were assumed to remain constant over time. The
shares were based on refining capacity in 1990, as shown in Table H.12. These shares were
assumed to reflect the distribution of electricity use in the refining industry, which was
assumed to be located in the same sites in 2000 and 2010 as it was in 1990. The shares
were used to weight-average the environmental factors (see Section H.3) to compute
nationally-averaged factors for electricity consumption in the refining stage of the crude oil-
reformulated gasoline cycle.

ligased on Table 4 of U.S. Oil and Gas Reserves (ELA 1990). Values are for 1988.

2Natural gas liquids and enhanced oil recovery were grouped with conventional onshore production in the
48 lower states to get the total onshore production target.
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Table H-9.
Crude Oil Production by Region®

Crude Oil
Region/State Production
3 Middle Atlantic
Pennsylvania 2 -
West Virginia 3
Total 5
4 Southeast
Alabama 21
Florida 9
Kentucky 5
Mississippi 29
Total 64
5 Midwest
Illinois 23
Indiana 4
Michigan 23
Ohio 10
Total 60
6 South Central
Arkansas 13
Louisiana Onshore 142
Louisiana Offshore 290
New Mexico 74 '
Oklahoma 136
Texas Onshore 732
Texas Offshore 29
Total Onshore 1097
Total Offshore 319
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Table H-9 (cntd).
Crude Oil Production by Region

Crude Oil
Region/State Production
7 Central
Kansas 55
Nebraska 6
Total 61
8 North Central
Colorado 32
Montana 23
North Dakota 39
Utah 33
Wyoming 112
Total 239
9 West
California Onshore | 328
California Offshore 58
Total Onshore 328
Total Offshore 58
10 Northwest
Alaska 734
Total 734

(a) No significant production occurs in
Regions 1 and 2.

Source: EIA 1990,
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Table H-10.

NES Scenario Case - U.S. Sources and Technologies of Petroleum Energy

in 2000 and 2010 (MMBD)

l Petroleum Source and Recovery Technologies 2000 2010
Lower 48
Conventional® 4.0 3.6
- Onshore 1.0 0.9
- Offshore 1.9 1.6
Natural Gas Liquids®
Enhanced Oil Recovery
- Thermal 0.7 1.3
- Advanced and Other 0.7 14
Subtotal Lower 48 83 8.8
Alaska North Slope
Conventional 0.9 0.7
Advanced Technology Oil Recovery(® 0.0 0.5
Arctic National Wildlife Refuge (ANWR)(® 0.0 0.5
Subtotal Alaska North Slope and ANWR 0.9 1.7
Outer Continental Shelf (OCS)(®) 0.0 0.1
Total Petroleum Energy - MMBD 9.3 10.6
- Quads 18.3 214

(a)  Conventional crude oil includes approximately 20 percent offshore oil and 10
percent stripper well oil in 2000 and 2010.

(b)  Assumes that the natural gas liquids estimates of Table C-10 (see Source,
below) are for Lower 48.

()  Includes oil enhanced recovery.

(d)  According to pp. 38 and 401 of Source (below), the resource peaks at
870,000 barrels/day in 2005.

(¢)  U.S. Department of Energy, The Domestic Oil and Gas Recoverable Resource
Base: Supporting Analysis for the National Energy Strategy, Report No.
SR/NES/90-05, Washington, D.C., Tables Al and A2, pp.28-30, December
1990.

()  According to p. 39, resource enters production phase in 2010.

Source: Except as noted above, DOE 1991, Table C-10, p. 122.
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Table H-11.

Future Crude Oil Production and
Distribution by Region®

Percent Contribution l

Region

2000

2010

3 Middle Atlantic 0.2 0.2
4 Southeast 2.8 2.6
5 Great Lakes 2.6 2.4
6 South Central 56.1 51.7
7 Central 2.1 25
8 Mountain 10.2 9.7
9 West 15.7 14.6
10 Northwest 9.8 16.2

(a) No significant production occurs in

Regions 1 and 2.
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Table H-12.
Major U.S. Refining Capacity by Region - 1990®

Refining Capacity
Region/State Per.cent
L MMBD Contribution
2 New York/ ]
New Jersey
New Jersey 0.5
Total 0.5 4
3 Middle Atlantic
Pennsylvania 0.7
Delaware 0.1
Total 0.8 6
5 Great Lakes
Illinois 1.0
Indiana 04
Ohio 0.5
Total 1.9 14
6 South Central
Oklahoma 04
Texas 39
Louisiana 23
Total 6.6 50
7 Central
Kansas 04
Total 0.4 3
9 Waest
California 22
Total 22 17
10 Northwest
Washington 0.3
Total 0.5 4

(a) No significant production occurs in
Regions 1 and 2.

Source: Thrash 1991,
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Table H-13.
Gasoline Consumption by Region - 1989

Gasoline

Consumption Percent of

Region (Trillion BTU) Total
1 New England 695.5 5.0
2 New York/ 1128.2 8.0

New Jersey

3 Middle Atlantic 1369.4 9.7
4 Southeast 27733 19.7
5 Great Lakes 2585.0 18.4
6 South Central 1772.6 12.6
7 Central 759.0 54
8 Mountain 462.7 33
9 West 19224 13.7
10 Northwest 581.9 4.1
Total®@ 14050.0 100.0

(a) Values may not sum to total due to independent
rounding.

Source: EIA 1991

H.4.3 Gasoline Distribution

Regional shares in 2000 and 2010 for the electricity consumed in the distribution of
gasoline from the refiner§ to the end users were based on the current regional
consumption of gasoline1 (see Table H.13). In a manner identical to the method for
the refining stage, shares were used to weight-average the electricity-related

BData on gasoline consumption were readily available, whereas more accurate surrogates, such as miles
of pipeline, by region, and gasoline volumes transported by rail in each region, were not easily accessible at the
time of the analysis. This is an area that could be improved in future analyses.
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environmental factors to obtain a national average for the gasoline distribution stage of
the crude oil-reformulated gasoline cycle.
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=" INTRODUCTION

Measures: of energy efficiency illustrate the relative difference between the amount of energy
used to produce a fuel and the energy: contained in the fuel itself. When two or more: alternative.
forms: of energy provide the same services—miles or kwhr-then the fuel which uses: the fawest
energy. resources. is .socially- desirable, abstracting-from other issues.

There are many different ways to calculate energy efficiency. Some of the methods used. in: the-
past have been distinguished. by the types of energy inputs included, allocation methods used to
apportion. energy inputs between: co-products, and- standards of measure. The following;
discussion briefly describes each of these:issues..

At least four different types of energy inputs have been defined in previous studies: direct,
indirect, fossil, non-fossil. Direct energy inputs includes fuels such as diesel, gasoline, coal,
natural gas, and electricity that are directly consumed during the production of the fuel. For
example, coal is consumed. in-a: power plant to produce electricity. Indirect energy inputs. are
sometimes' called embedded, and these are the amounts of energy inputs that are consumned. in
the manufacture. of anotherinput. For example, natural gas and coal are consurned during the
production of nitrogen fertilizer; which- is an-input-to corn-ethanol production. The concept of
a total energy cycle attempts to include both the:embedded energy associated with the life:cycle
of products (including energy products) that become- inputs to a fuel cycle and the direct energy
inputs of a fuel cycle. i _

Sometimes a distinction is made between fossil fuel inputs and non-fossil fuel inputs. Past NREL
publications did not consistently: included the waste lignin consumed as-a boiler fuel in their
energy analyses of biomass ethanol because it is renewable (or because it is a. waste). The
concept behind energy efficiency is to conserve the use of depletable resources. Because fossil
fuels. are depletable they are always included in energy analyses. Renewable energy resources.
have:traditionally been viewed as inexhaustible;, and not necessarily relevantto energy-efficiency.
estimates:. ‘This: belief” has: been: tempered. over the- years: as researchers and’ developers: have:
discovered that:the: "renewable" energy resource may replenish itself (like: biomass) or may be-
inexhaustible in theory (like sunlight) but the number and quality of the- sites that are available-
to capture the resource provide a limit to the amount of resource ultimately available.

Allocation measures attempt to distinguish between the energy consumed. to produce one of two

or more- products... Forexample; an:integrated refinery commonly produces a number of products

which could include: gasoline;, ethers; diesel, propane; #2 and #6 oils, coke, asphalt; and numerous .
gaseous and liquid chemicals. The crude: oil feedstock and the purchased natural gas: and
electricity. are- allocated: between- each: of* the: products - produced according: to the  process:
efficiencies' of 'making each product:. In corn-ethanol analyses, the-issue-has been how- to handle:.
DDG: (distiller’s: dried_grains) and-ethanol.. The:debate centers-around whether DDG:(and CO,)-
is:azby-product;. co-product-or-waste;-and:sliould: any: of the: energy-inputs should'be: allocated: to -
DDG (and CO,) and if so, in what proportion—by value, by weight; by energy:content?
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The standard of measure is another area where energy analyses differ substantially. The analysis
could compare the energy input per gallon of fye] produced, per Btu of fue] produced, per mile.
traveled in two comparable vehicles, orper mile traveled in optimized vehicles. The difference

This study will attempt' to.‘be:.a.élearas:possible about the- assurnptions made. Readers: are free.
to recalculate the energy balances using any assumptions they feel more- comfortable- with;.

METHODOLOGY .

Btus of energy inputs/Billion VMT = Btu input/Btu. output:
Bus of fuel/Billion VMT e

Assumptions |
There. are 8 basecases-éxanﬁnedi.in:.this. report.. The:basecasesxéré; disﬁnguished::byz-typeroffuel,.
feedstock, year of the analysis, and. location: of fuel use; they are- summarized below.. -

E10: A specially designed base gasoline: with 10 percent ethanol added.: The-ethanol.
is-produced from the-organic-fraction: of municipal: solid waste:(MSW).. The:fuel:
is 'produced.and;used,in-t.he:_Chicago/Eeoﬂa;area;:OfiIllinois:imtliefyearZ_OOO;L The-

fuelis consumed;ih-‘¢onven_tional'enginesr.thatre_ﬂectsome:fﬁel:economy;‘ad'irances:. -

by2000,5’.__} o s U S
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RG2000:. A reformulated gasoline- made- with-15° % MTBE oxygenates used nationwide in
the year 2000. The fuel is consumed in conventional engines that reflect some
fuel economy advances by 2000.

E95: There are five- cases where pure ethanol is denamred with 5 percent gasoline.
These cases are referred. to as E95 cases. The ethanol portion of E95 is produced.
from lignocellulosic- crops—energy crops such as trees; grasses, etc. The fuel is
consumed in optimized vehicles in: the year 2010. The E95 is produced. and
consumed in and around five locations: Tifton, GA Lincoln, NE; Rochester; NY;.
Portland, OR; and Peona, IL.

RG2010: A reformulated: gasohne made with: 15 % MTBE oxygenates used nationwide in
the year 2010.. The: fuel is consumed in conventional engines that reflect some
fuel economy advances by 2010..

The assumptions on fuel efficiency are described in Table 3" in Appendix E, Ethanol and
Reformulated End Use. Table I-1 provides the estimates of the: number of gallons of each fuel
required per billion VMT..

Table I-l. Fuel Requirements for Each Basecase

Million Gallons 102 Btu -
per billion VMT per billion VMT

E10 33.1 3.54
RG2000 325 3.59
E95 354 2.75

RG2010 28.1 3.10

Table -2 shows the energy content assumptions used for direct and indirect energy inputs, and
energy outputs. In-all cases except-for biomass. feedstocks, the lower heating value: of the-fuels
are used. For biomass feedstocks, the- lngherenergy'valueqs assumed because there: is.no- lumt
on. the lowerheaung valne- of blomass.. :

A producr life: cycle~ analysxs forfemhzer and a: total energy cycle. for: elecu:lcn:y would: be:
necessary -for- a: comprehensive: study: of energy: balances-in- this: report:. Such: studies: were: ot
available- at: the- time.. - In: this . analysis;. only- the: energy- consumed- during; the: manufacture= of>
fertilizers-and electricity-generation:are-included in: the: esumaxes-oﬁembedded.energy.. Aslieat-
rate of 10, 400 Btu/kWh is assumed for-electricity consumed in the fuel cycles.. This:value-allows:
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. ;Table:X-2,. Energy: Value: Assumptions; - T

Input Units B nit _
Crude: oil. Gallons 138,000::
Biomass: Dry tons. L50E7: -
Material and Energy Inputs S
Electricity Kwhr 10,400
Natural gas: MMCF*  LO00OE9: .. -
Diesel #2. Gallons:  128,700:
Diesel #6 Gallons 137,500.
Gasoline Gallons 117,700

K20 fertilizer Tons 6.00E6

P205 fertilizer Tons. . 6.00E6-
Phosphate- Tons . 6.00E6
N-Fertilizer - " Tons 5.00E7

Urea. Tons 3.08E7
Ammonia Tons - 4.12E7
MTBE  Gallons 94,072
Outputs

E95 Gallons 77,730

E10 Gallons: 107,140

Reform. Gasoline  Gallons 110,600

*Million cubic feet

us to capture- the efficiency losses associated with producing electricity. This estimate does not
include the energy required to mine coal, transport fuel oil or other intrinsic aspects of a full fuel

cycle.. _ -

There were: a: range-of ‘possible values available:in the: literature. for-the: energy: consumption:in:
ferli]izer-manuf'acnn'ing; After-areview of.'e:dsting_literamre; Deluchi.(1991) “choscrthc;fbllowing:
values: 25,000 Btu/lb of nitrogen contained in ammonia;. 3,000 Btu/lb for-B,0;, K,,0; and

Urea. was: estimated’to:require-33
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The inputs for each of the basecases are provided:in Tables I-3 through I-10. These estimates
are the result of allocating inputs between coproducts and by-products. Tables I-3 through I-10
reflect only those inputs that are attributed to the fuel produced. The fraction of the inputs
required.to produce coproducts have been eliminated. Sensitivity cases have been produced. (but:
not shown here) that examine the impacts of various allocation assumptions.. Tables I-3 through
I-10 show only the inputs required to produce enough fuel to travel. 1 billion miles.

In the reformulated gasoline basecases, crude oil production, transportation, and refining inputs
have been allocated between reformulated gasoline and all other coproducts.. The inputs reported.
in Table I-3 and I-5 show only those inputs that are consumed to produce reformulated gasoline.
The inputs consumed to produce other:petroleum products have been eliminated. There were two
specific allocation steps. First, associated natural gas is sometimes coproduced with crude oil
at the wellhead. The inputs shown in the crude:oil production stage have been allocated between
natural gas and crude oil based on the Btu value of each fuel. Thus, only 58 percent of the
inputs associated with crude- oil production. are: assigned.to the crude oil itself.

The second allocation step occurs in the refining stage and is carried back through the crude oil
production and transportation stages. In the year 2000, only 35 percent of a barrel of oil is
ultimately transformed into gasoline. The: remainder of the barrel is transformed into other
petroleum products.. The ratio of 35 percent was calculated as. the ratio of reformulated gasoline:
energy (Btu) to the total Btu output of a refinery (Table F-75 in Appendix F, Benchmark
Reformulated Gasoline Fuel Cycle). Based on this assumption, all of the inputs to the refining-
process were divided between gasoline and. all other products using the same ratio (Figure I-1).
Thus, Table I-3 show only 35 percent of the refinery inputs in the firel production stage. because
the remainder are associated with other petroleum products, not reformulated gasoline:.

Because only 35. percent of the barmrel of oil produced and. transported. is- transformed. into
gasoline, only 35 percent of the ransportation and crude oil production inputs are-assigned to the:
reformulated. gasoline basecase. Since only 58 percent of the inputs to crude oil production were
attributed. to crude oil (the remainder were assigned. to associated natural gas), further reducing-
this estimate by 35 percent results in only 20.3 percent of the inputs associated with crude: oil
production being assigned te reformulated gasoline fuel cycles (shown in Table: I-3).

In the-year 2010 this same process of allocation is repeated; however, only 30 percent of a barrel
of crude oil is ransformed into reformulated gasoline because of the changing nature of the crude:
oil characteristics and the changes in demand for gasoline. versus other-petroleum products, such. -
as:diesel. Thus, only 30 percent of the total inputs associated’with. crude oil refining and.
transportation are shown in Table I-5, and only 17.4 percent of the crude oil production inputs
are- shown' (30 percent.of 58 percent of crude oil production inputs). :

These same allocations were assumed. to exist: for foreign oil imports for the years: 2000 and"

2010. Foreign oil was assigned the same:estimates of production:inputs. per-barrel as U.S: crude:
oil..- Because: thisproxy may-under or overe X : A
this.area.is:recommended:. - - © .7 -

L =

—
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¥
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Table I-3, Fuel Cycle ;ngrergtorx: Befonm_lgted Gasoline, 2000

Emission or _ : End- Gas Crude Crude Crude Grand
'“Cégcerﬁ Units Use Dist, Refining Trans Prod. . Total
. Inputs . . ) B

f-7 . Crudée oil o . bbls a -0 0 o 0 0
' plesgl !¢ . gallons 0 50000 0 6000 0 56000
' Dlésel (No.'6) - gallons 0 56000 0 378000 0 434000

- Ethanol-10 - - gallons 0 ' 0 0 0 0 g
-Ethanol-95 @ . .. gallons Q 0 ] Q 0 0
Gasolline .- - - gallons 0 0 0 0 0 [}
Insecticides - tons - 0 0 0 0 0 .0
MFBE 0T gallons 0 0 3.61E+06 0 0  3,61E+06
tatural q§§,' L ‘mmsc § 0 0 160 g 0 ' 160
Refinery'Producgs gallops 0 0 0 0 0 0

- Water * 7T gallons 0 ¢ 0 0 141000 141000
Electricity - . . kiWh 0 2.04E+07 4.52E+06 7.08E+06 3.71E+06  3.57E+07
Herbicides® o ‘tons 0 0 0 0 0 S0
K20-Fertilizey - - tons - 0 0 0 0 0 0
N-Fertilizer . "tons 0 0 0 0 0 0
P205-Fertilizer "7 " tons 0 0 0 0 0 0
Aptifoam - T ' tons 0 0 0 0 0 0
€S Liquer - . tons 0 0 0 0 0 0

- Blucose : _tons 0 0 0 0 0 0
H2so4 © o -~ toms 0 0 0 0 0 0
“Lime 0 o ow tons Q 0 0 0 0 0
‘Limestone : ° © . ‘tons 0 0 0 0 g 0
NH3I L . .- tons 0 0 0 0 0 0
Ny ‘tons. 0 0 0 0 0 0
tops 0 0 0 0 0 0

By tne o tons 0 0 0 0 o 0

o LNa2eoq U - .tons 0 0 0 0 0 0
.. fH Cheplcals . = : 0
- Prthophgsphate tons g 0 0 0 0 0
'/”-,.“. hqqgtg_" . ] tons 0 0 1] 0 0 0
phosphate tons 0 0 0 0 0 0

: illcate’ ' | . tons 0 0 0 0 0 D

o AgdpeT Y, v ‘tops 0 0 0 0 0 0
.~ WHT Chemicals .. )
;Phosphate” > <. tons 0 0 0 0 0 0
PO lyms tons 0 0 0 0 0 0

2a . tons 0 0 0 0 0 0

.'l”ﬂH FE? R QE_Hgmpe;s are subject to chagge as revisions or refipements proceed. These numbers are derived £rom calcuétions
.- shoyn ip the 'apgendices and modified as described in the author’s notes apd the main body of the report, These values do

"?fﬂ?ﬁﬂ?¢§§§§?¥}Y*F¢f¥Pct the degree of signficance implied by the number of digits, These numbers are reported as derived
order to epable the interested person to recalculate apnd thus verify calculations pade. ' I T
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?*blg }—QT Fuel Cyole Inventory: El0

s L CL £-10/ : o
Emission or . C End- E-95 E-95 MSHW MSK Msy Grand
° Concern. - - Units Use Dist. Prodtn. Trans Sort Collctn . Total
Inputs )
‘Crude oil bbls 0 0 0 0 0 0 0
Diesel - gallons 0 89000 4350 16530 6090 18270 134240
Djesel (No. 6} gallons 0 397000 2000 0 0 o 399000
Ethapel-10 gallons 0 0 0 0 0 0 0
Ethanol-95 gallons 0 0 0 0 0 1] 0
'Gasoline’ gallons 0 29632000 152250 0 0 0 29784250
Insecticldes tons 0 0 0 0 0 0 o
MTBE gallons 0 3302000 20000 0 0 0 3322000
Naturgl-qaa mmscf 1] 139 0.9 0 ] 0 138.9
Refipery Products gallons 0 0 0 1] 0 0 0
Water” '’ gallons 0 140000 30828450 0 o 0 30968450
Electricity kigh 0 42174000 -3299000 214890 1295430 0 40385320
Herbléides’ tons 0 0 0 0 0 0 0
K20-Fertilizer tons 0 ] o ¢ 0 0 0
§-Fertllizer tons 0 0 0 0 0 0 0
P205-Fertilizer tons 0 0 0 0 0 0 0
Antifoam tons 0 0 3.48 0 0 0. 3.48
-£8" Liquor tons 0 0 57.42 0 ] 0 57.42
Glucose . tons 0 0 69.6 0 0 0 69.6
H2804 - .tons 0 ] 522 0 0 0 522
Lime. = ' tons 0 0 382.8 0 0 0. 3a82.8
DLiméstone tons 0 0 78.3 0 0 H 78.3
O NR3IT tons 0 0 88.4 0 0 0 88.4
Nutyients:.- - tons 0 o 16.53 o 1] o 16.53
BFY’ Chemicals
YAmipe tons 0 0 0.0609 0 0 0 0.0609
*ngFé?iﬂﬁ' tons 0 0 0.174 0 0 0 0.174
tNa2 pj' ' tons 0 o 0.0174 0 0 0 0.0174
CH Chemicals ' :
" 'grthophosphate tons +] 0 0.2001 0 0 0 0.2001
" Phosphonate tons o 0 0.0609 0 0 0 0.0609
-polyphosphate tons 0 0 0.2001 0 0 0 0.2001
:531icate’ tons 0 0 0.1653 0 0 0 0.1653
~ape T tons 0 0 0.087 0 0 0 0.087
WWT: Chemicals '
TPhosphate tons 0 .0 8.7 0 0 0 8.7
~ iPolymer - tons 0 0 0 0 0 0 0
‘Urea i .tons 0 0 0 0 0 0 0

- Note; These numbers are subject to change as revislons or refinements proceed. These numbers are derived from calcuations
. ghown in the appegdlces and modified as described in the author’s notes and the main body of the report. These values do
not necessarily reflect the degree of signficance implied by the number of digits. These numbers are reported as derived
;n;o;dg;:;o'epable the interested person to recalculate and thus verify calculations made.
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 Table I-5. Fuel Cyale Inventory: Reformalated Gasoline, 2010

- Em;gsioq'p;_ S End= Gas Crude Crude Crude Grand
‘Concerp = _ Unlts Use . . Dist. Refining Trans Prod. Total
~ Inputs C
. Crude' oil bbls 0 0 0 1] 0 1]
. Diesed : - gallons 0 41000 0 6000 0 47000
_Diesel (No. 6} - gallons 0 48000 0 354000 0 402000
B?hih?l-“l 0. gallons 0 0 0 0 0 0
.- Ethanol-95 gallons 0 0 0 0 0 0
"’ Gasoline - _ gallons 0 0 0 0 0 0
Insecticides - tons 0 0 0 0 0 0
- MIBE Mo gallons 0 0 3.12E+06 0 1] 3.12E+06
-Natural gas' . . mmscf 0 0 150 0 0 150
nnegipgrny;pducts gallons 0 0 ] 0 0 1}
Water . @ : gallons 0 ' 0 0 0 213000 213000
" Electricity k&h 0 1.76E407 3.91E+06 6.93E+06 3,35E+06 3.18E+07
- - Perblcides’ tons 0 0 0 0 0 0
#K20-Fertilizer tons ¢ 0 0 o 0 0
©. N~Fertilizer tons 0 0 0 0 0 0
-~ P205-Fertilizer tons 0 0 0 0 0 0
. Aptifoam "~ ' tons 0 0 0 0 0 0
- €S 'Liquor tons 6 0 v 0 0 0
‘Blucose : " tons 0 0 0 0 0 0
‘H2504 : tons 0 0 0 0 0 0
Lime - - tons 0 0 0 0 0 0
bimestone tons 0 0 0 0 0 i}
NH3' . tons 0 0 0 0 0 0
o Nutriepts:. . tons 1] 4] 0 0 0 o
- .BFf Chemlcals
:-fﬂlngﬁﬁ_:_ tons 0 0 4] 0 0 0
. illydrazige _ tons 0 0 0 0 0 0
¥Na2P0q tons 0 0 0 0 0 0
-;Eggchem.lc;als - X 0
£Orthophosphate tons 0 0 0 0 0 0
Phosphopate’ tons 0 0 0 0 0 0
Polyphasphate tons 0 0 0 0 0 0
Silicate’ togs. 0 0 0 0 0 0
A2inehirhy ‘tons - 0 0 0 0 0 0
E;w?t-fgnemisal_s _ s
+Phosphate " - - tons 0 0 o 0 0 0
iy ghrm'ef' o -tons - 0 0 1] D o 0
pa tons 0 0 0 0 0 0

“gmplrs are subject to change as revisjons or refinements Proceed, ' 'These numbers are dérlved from calcuatio
sg pendices and modified as described ip the authorfs notes and the main body of the reﬁoft."Tthe'values gg
11y reflect the degree of signficance implied by the number of digits, These nupbers are reported as derived
ﬁp'alf the interested person to recalculate and thus verify calculations made. ' C ' T
'J'r-'fg:_..-i‘,'i.:'.: I . : o o '
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Table %-6. Fuel Cycle Inventory:

B9S, Tifton, GA

pese pumbers are subject to change as revisions or refinements proceed.

Emission or End- E-95 E-95 Pdstk  Aggregate Grass Tree Cane Grand
Concern Units Use Dist. Prodtn. S&T Fdstk Fdstk Fdstk Fdstk Total
Inputs
'Crude oil bbls 0 1] 0 0 0 0 0 0
‘plesel’ - gallons 0 99000 67157 253150 498000 244020 224100 30710 917307
"Dlesel (No. 6] o gallons . . 0 0 23000 0 0 0 0 .0 23000
+Bthanql-10' oo gallons 0 0 0 0 0 o 0 0 o
-Ethanol-95" gallens . 0 0 0 0 0 0 0 [1] 0
Gasoline ’ gallons ‘0 0 1473250 4] 0 0 0 0 1473250
Insect1C1des * tons 0 0 0 0 0.415 0.249 0.083 0.083 0.415
MTBE gallons 0 0 202000 0 ] 0 0 0 202000
Natural gas mmact 0 0 9.6 0 0 0 1] 0 9.6
Refiqery Products gallons 0 0 Q o 0 0 0 0 0
Wat gallons 0 0 226175000 0 0 0 0 0 226175000
Blectricit¥ kih 0 13311000 -49346000 0 0 0 0 0 -36035000
* Herbitides Lons 0 1] 4] 0 3.569% 1.320 1.992 0.166 3.569
K20—Fertilizer tons 0 1] [ 0 1070.7 838.3 124.5 107.9 10?0.7
N-Fertil zer’ tons 0 0 0 0 1361.2 755.3 415 182.6 1361.
EZOS-FeF ilizer tons 0 0 D 0 147 556.1 124.5 66.4 ?4
Antifoam '/ tons 0 Q 15.717 0 0 0 g 0 -15.717
o4 LiquoE tons 1] 0 265.6 0 0 0 0 0 265.6
L Gippose i tons 0 0 506.3 0 0 0 0 0 506.3
501 tons 0 0 4233 0 0 0 0 Q 4233
} tons Q 0 3145.7 0 0 0 0 0 3145.7
mesfp tons 0 ] 514.6 ] o 0 0 0 514.6
Pl tons 0 0 628.4 0 0 0 0 0 628. 4
Erients tons 0 0 76.36 ] 0 0 0 0 76.36
BFH Cpem%cals T
tons 0 0 0.6225 0 0 0 0 0 0.6225
ﬂydrazine tons 0 ¢ 2.075 0 0 ¢ o 0 2.075
a2p04 tons 0 ¢ 0.2075 0 0 0 0 0 ©0.2075
C“ Che nicals )
bosphate tons 0 0 1.5189 ] 0 0 0 0 1.5189
ﬁ sphopate tons 0 0 6.4565 0 0 0 0 0 0.4565
::pgphatg tons 0 0 1.5189 0 0 0 0 0 1.5189
PE 1Y:ate tons Q 0 1.2118 0 0 0 0 0 1.2118
pevlt tons 0 0 0.747 0 0 0 0 0 0.747
¢ .
§E§;’£"’t2 tons 0 0 182.6 0 0 0 0. 0 182.6
“e; ) tons 0 0 0 0 0 0 0 0 0
T tons 0 0 415 0 0 0 0 0 415

These numbers are derived from calcuations

'sﬁggn iq the hppendlces and modified as described In the author's notes and the main body of the report. These values do
E¢ ecgssarily reflect the degree of signficance implied by the number of digits. These numbers are reported as derived
3 fqer Fo enable the interested person to ;ecalculate and thus verlify calculatiops made, )

'DRAFT; Dq not cite, copy, or quote.
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Table I-7. Fuel Cycle Inventory: E$5, Peoria, IL

Emission or " End- E-95 E-95 Fdatk Aggregate Grass Tree Cane Grand
Concern - Unitcs Use Dist. Prodtn. SeT Fdatk Fdstk Fdstk Fdstk Total
Inputs

. Crude oil - bbla 0 0 0 0 0 0 0 0 0
".iDiesel . gallons 0 104000 77073 162360 552680 234380 131880 66420 896113
.Dlesel iHo.. ] : gallons 0 0 23000 [+R o - . 0 0 0 23000
. Ethapgl-10' 7. . - gallons 0 0 0 9 Q. 0 g ¢ ’ 0
-Ethanol-95 - . R gallons 0 0. 0 0 0 0 0 0 0
:'Gasolipe ” . . v - gallens 0 0 1485020 0 0 0 - 1} "0 1485020
'1ﬁggc§1c1§eq tons * 0 0 ] 0 1.148 0.2495 0.082 0.738 " 1.148
MTBE '' . - gallens 0 0 202000 0 0 0 0 0 202000
Np uFal gas mmscf 0 0 9.6 0 0 0 0 o 9.6
: aélfné;y'products gallons 1] 0 0 1] 0 1] 0 0 1]
© Water' Y 7T gallons 0 0 237230100 0 0 0 0 0 237230100
. _Eléctricigy " kih 0 13284000 -54849000 0 [ 1] 0 0 -41565000
“Hérbicides tons 0 0 0 0 5.494 1.23 1.23 2.952 5.494
520§Egrt1;izer tons 0 0 0 0 1123.4 877.4 73.8 172.2 1123.4
- N-Fertilizer - tons 0 0 0 0 1402.2 902 254.2 246 1402.2
o P205-Fertilizer tons 0 0 0 0 795.4 590.4 73.8 131.2 795,4
"__hhf;fqémf’?' : tons 0 0 18.04 0 0 0 0 - 0 18.04
- es Liﬁqp;“ﬁ‘” tons 0 0 262.9 0 0 0 0 0 282.9
- igly@égs"‘f‘ tons 0 0 T 533 0 0 0 0 0 533
- _”:gzsog’- o tons 0 0 4346 0 0 0 0 0 . 4346
: .‘.ﬂ'Llﬁér . tong 0 0 3214.4 1] 0 1] 0 0 3214.4
’ ‘-'1m§sf°ﬂﬂ ) tons 0 0 803.6 0 0 [ 0 0 803.6
¥ P tops 0 0 653.5 0 0 0 D 0  653.5
. utrfents ] tons 0 0 81.18 0 0 0 0 0 81.18
BFH Chemicals ' ] .
" Amipe” tons 0 0 0.615 0 v} 0 o 0 0.615
" :Hydrazine tons 0 0 2.05 0 0 0 0 0 "2.05
’:ya__zpoz ' tons 0 0 0.205 o 0 0 0 0 0.205

O Chemicals | o - T
j,p;;pdphdsphate tons 1} 0 1.593 0 0 ‘0 1] 1] 1.599
';ghquhgpgge tons 0 1} 0.4758 0 0 o 0 0 0.4756
'E?QlYP595Phéte tons 0 0 1.599 0 0 0 0 0 1.599
$ileatg' tops 0 0 1.2m1 0 0. 0 0 0 1.211
s gipe T tons 0 a 0.82 Q 1] 0 ] 0 '0.82
WH? Chemicals " ' ' ' L
“"Phosphaté’ " tons 0 0 172.2 1} 0 0 [ 0 172.2
Pglxim‘?r - tons 0 0 0 0 Li] 0 0 0 » p
N tons ¢ 0 492 0 ¢ 0 0 0 192

NQF??i:ThGSQ numbers are spbject to change as revisions or reflnements proceed. These numbers are derived from calcuations

._§hp@ﬂ:;g”tpe appendices and modified as described in the author’s potes and the main body of the report, These values do
not “necessar!ly reflect the degree of signficance implied by the number of digits. These numbers are reported as derived
;ﬁ‘QFgeF‘;p'ggable the interested person to recalculate and thus verify calculations made, s )

DR TTR I
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Table I-8. Fuel Cycle Inventory: E95, Rochester, NY
sanre STE ik yeia & y g r b

Emlssion or End—- BE-95 B-95 Fdstk Aggregate  Grass Tree Cane Grand
" Concern Units Use Dist. Prodtn. S&T Fdstk Fdstk Fdstk Fdstk Total
- Ipputs’
*Criude oil .~ bbls 0 0 0 .0 ] 0 0 0 0
“plése)’ T C gallons 0 65000 83640 284540 597780 396060 2011720 0 1030960
vplesel (No. 6) . . gallons 0 ) 23000 0 0 0 0 0 23000
Bthapel-10° "~ gallons 0 0 0 0 0 0 0 0 ]
Ethanol-95 gallons 0 0 0 0 0 0 0 0 )
Gasoline gallons 0 0 1453040 0 0 0 0 0 1453040
Ipsecticides tons 0 0 0 o 0.656 0.574 0.082 0 0.656
MIBE & gallons 0 0 202000 0 0 0 0 0 202000
Hatural gas ‘mmact o 0 9.6 0 0 0 0 0 9.6
© . Refipery Pyoducty gallons 0 0 0 o 0 0 0 0 0
o g*??f" S gallons 0 0 241668760 0 0 0 0 0 241668760
- -Blectricit " kih 0 13472000 -54060000 0 0 0 0 0 -40588000
- perpicides kops 0 | 0 0 0 4.182 2.46 1.722 0 4.182
FZQ?FPtFiI#ZQF tons 0 0 0 0 1869.6 1763 106.6 0 1869.6
N-Fertilizexr’ fons Q 0 0 0 2386.2 2025.4 360.8 0 2386.2
. P205-Fertilizer tons 0 0 0 0 1279.2 1172.6 106.6 0 ‘12719.2
Aptifoam 7 tons Q 0 16.4 0 0 0 0 0 16.4
€5 Liquor . tons 0 0 269.748 0 0 [V 0 0 269,78
Glucose tons 0 0 508.4 0 g 0 0 0 508.4
 H2504" - .. tons 0 0 1346 0 0 0 0 0 4346
Lipe tons 0 0 3206.2 0 0 0 0 0 3206.2
Limestone tons 0 0 7171.5 ] 0 0 0 0 717.5
WH3 EQP% 0 0 633.5 0 0 0 0 0 633.5
. Wtrients tans 0 o 7708 0 0 0 0 o 77,08
. pfﬂ?phgmlcqls ’ : )
. Amine ) tons 0 0 0.615 0 [+ 0 0 0 0.615
: Hydrazipe tons 0 0 2.05 0 0 0 0 0 '2.05
. Na2eog. tops 0 0 0.205 0 0 ¢ 0 0 0.205
. cff.Chepicals | ! ‘ ‘
" DFthephosphate tons 0 0 1.5416 0 0 0 0 Q 1.5416
l—thgp -°Ré'§ ' tons 1] 1] 0.4674 0 0 0 0 0 0,45'”,
: 'qu}yijgpqatg tons 0 0  1.5416 0 0 0 0 0 1.5416
" ¢Siljgatel\ tons 0 0 1.2382 0 0 0 0 0 1.2382
aadpe T tons 0 0 0.738 o 0 0 0 0 0.738
WHT:Chemicals .
" ehosphatg. tons 0 0 191.9 1] 0 0 0 1] 191.9
© “Polymer tops p 0 0 0 0 ] 0 0 ‘0
i ] 0 192 0 0 0 0 0 492

ot i .
Note; - These numbers are subject to change as revislions or refinements proceed. These numbers are derived from calcuations
ghgwn'in the appendices and modifled as described In the author’s potes and the main body of the report. These values do
: qp:jnggessgrily reflect the degree of signficapce implied by the number of digits. These numbers are reported as derived
}h/g;@g; to enable the interested person to recalculate and thus verify calculations made.
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- Table I-9. Fuel Cycle Inventory: E95, Portland, OR

Emission or End- E-95 - E-95 Fdstk  Aggregate Grass Tree Cane Grand
Concern Units Uae Pist. Prodtn. S5&T Fdstk Fdstk Pdstk Fdatk Total
i ut s : :
. %i’uaa oll - - = bblg o 0. 0 0 i} 0 0 0 . 0
" Dlesel’ ' ;T ... gallons 0 81000 - 35018 350740 536059 0 536050 0 1002308
" plesel {No. 6 . dallons 0 0. 23000 0 0 0 D 1} 23000
! Bthanol-10" : gallons 0 0 0 0 0 4] 0 0 0
© Ethanol-95 gallons 0 0 0 0 0 0 0 1] 0
Gasoline gallons 1] 4 1258830 0 1] 0 0 0 1258830
Insecticides " tons 0 0 0 [ 0.213 0 0.213 0 0.213
MTBE =~ ¢ gallons 0 0 202000 0 0 0 0 0 202000
‘Natural gas mmsct 0 0 9.6 0 0 0 0 0 9.5
.Bgfgpegy'ngdgcts gallons 1] a . 1] 0 1] 1] 1] 0 0
. Water 7 "'V ¢ gallons 0 - 0 293939290 0 0 0 0 0 293939290
L,Biéc;;ig;;y : " kffh 0 13545000 ' -1,01E8 0 0 0 0 ¢ -87141000
Herbicldes' . fons o 0 0 0 4.118 0 4.118 0 4.118
: “gzo;re;ti;;ze; Eons 0 0 0 0 248.5 0 248.5 0 248.5
_ N-Pertilizer ' tons 0 0 o 0 852 0 852 0 - 852
o :P20S-Fertilizer - tons 0 0 0 0 248.5 0 248.5 0 2408.5
;o cAptifeam i tons 0 0 20.59 0 0 0 0 0 20.59
.;CS'Liquor; tons 0 0 338.67 0 0 0 0 0 338.67
. Glucaese” i _ tons 1] 0 596.4 0 0 0 0 0 596.4
Luzsog"’ U tons 0 0 3976 0 0 ¢ 0 0 3976
Lipe*. ’ . tons 0 0 2903.9 0 0 1] 0 0 2903.9
. Limestone i tons o o 262.7 0 0 0 0 0 262.7
CNHYTT tons 0 0 711.4 0 0 0 0 0 711.4
" Nutrients ' tons 0 0 87.27 0 0 0 0 0 97.21
BFY. Chemicals ' - 1.2
"Apine” 'Y tons 0 a 0.7952 0 0 0 0 0 0.7952
= quazine : tans 0 0 2.6217 0 o o o] 0 2.627
-Na2pQ4' - : tops o 0 0.2627 0 0 0 0 0 0.2627
‘Chenicals ' 0 0 2 0448 . -
ophdsphate fFops. . -04 0 0 0 0 0 .2,0448
"gig?; hgng 2 ~ fons o ¢  0.6106 0 0 0 0 80,6106
; ; ﬁ!?.,QF? © tops 0 0 2.0448 0 0 0 0 0 2.0448
Lcakall ™ : tops 0 0 1.633 0 0 0 0 0 1.633
FElpecie tops 0 ¢ 0,994 0 0 0 0 0 0,934
WHE Chemicals | '
"1 Phesphaté |’ tans 0 0 99.4 0 0 0 0 0 98,4
spalymer " - fons 0 6 0 0 0 0 0 0 g
§Fﬁ§‘ o tons 0 ] 284 0 1] 1] 0 0 284

'_,:,ngﬁsfnumbers are subject to change as revisions or reflnements proceed, These numbers are derived frop calcuatjons
nl#ﬂijSiaPPeﬂd1°e5'§nd modified ag described 1n the authorfs notes and the main body of the report. These values do
gcessarily reflect the degree of signficance implied by the number of digits. These fumbers are reported as derived
der £Q epable the interested person to recalculate and thus verify calculations made. o
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Fable I-10. mi‘ .cr'sn,e Inyentory: B35, Linaelp, NE

Emissiop nr ! o End- E-95 E-95 Fdstk Aggregate Grasa Tree Cane Grand
Concern © . [ Units’ Use ‘Pist. Prodtn. S&T Fdstk - Pdstk Fdsktk Fdstk Total
Inputs ' o i
Crudé oil ' bbls Q 0 0 0 0 ) 0 0
Diesel ' it gallons 0 92000 194500 166000 650720 650720 0 o 1103220
Piesal; fHo. 6} - gallons 0 ! 23000 0 0 i} 0 0 23000
Ethanol-10- g gallons 1] 4] 0 0 0 0 1] 0 0
Ethanol -85 . gallons 0 0 0 [ D 0 1} 0 0
" Gasoline A gallons 0 0 1469930 0 0 0 0 1469930
Insecticides - tons 1] | 0 0 0 0.797 0.747 0 0 0.747
© MTBE K © gallons 0 0 202000 0 0 0 0 0 202000
" Natural gas o ‘mmaef” 0 0 9.6 0 0 0 0 .o . 9.6
Fefiqery Productq o gallons Q 0 0 1] 0 0 0 0 i 0
" Rater ¢ S galloqs 0 0 226691260 0 0 0 0 0 226691260
Eleetricity ! ' kith Q 133?5000 -50749000 Q 0 0 -0 0 -37374000 -
Herpicides i, - tons 0 1] 0 0 3.652 3.652 Q 0 " 3,652 s
‘K20-Fertiljzer o tons" Q ] 0 0 2365.5 2365.5 0 0 2365,5 i
. N-Fertillzer’ Lo . " tons - 0 0 0 0 2124.8 2124.8 0 0 2124.8 B
‘P205-Fertilizer - . = | tons | a 0 0 o 1577 1577 0 o 1517 -
. Aqtifoam o - i itons 0 0 14.94 0 ) 1] 0 0 14.99 '
" €5 Liquor % _-.  tons 0 0 239,04 0 0 0 0 0 239.04
Glucose AR tons 0 0 173.1 ) 0 0 0 0 473.1
HZSOQ e " tops 0 0 4399 0 0 0 0 0 4399
Lime T . tong Q 0 3245.3 0 0 0 0 0 3245.3
- Limestone v tons 0 0 813.4 a 0 0 1] 1] 813.4
NR3 e tons 1] 0 592.0 0 1] 0 1] 0 592.0
Hutrients . tons 0 0 68.89 0 0 o 0 0 68.89
BFW' Chemicals o ‘ .
Amine S tons 0 0 0.5395 0 0 0 0 [+ D.53395
Hydrazine . tons 0 P 1.826 0 1] 0 0 0 1.826
a2po4 i tons g 0 0.1826 0 0 0 0 ] 0.1826
Cq Chemicale )
prthophosphate . ' tons 1] 0 1.4525 0 1] 0 0 0 1.4525
phosphonate L ~ tons 0 0 0.4316 0 0 ¢ 0 ] 0.4316
ol pnosphate b tons 0 0 1.4525 1] 0 0 0 0 1.4525
‘sil cate’ . tons o 0 1.162 0 0 0 0 0 1,162
‘Zinc C ) tong a 0 0.747% 0 0 o 0 1} 0.7147
T Chemicals . '
Phosphate - tons 0 0 207.5 0 1] o 0 ] 207.5
. polymer - tons 0 0 (] 0 0 0 0 0 i)
1} 0 498 0 ] 0 [ 0 498

Urea - tons

_Eﬁgﬁn in the appeqdices and modified as described in the author’s notes apd the main body of the report. These values do
'qot pecessarily reflect the degree of signficance implied by the number of digits. These numbers are reported as derived
-iq order to epable the interested person to recalculate and thus verify calculations made.

: These numbers are subject to change as revisions or refinements proceed. These numbers are derived from calcuations

T
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Alloc.ation Assumptions for Crude Oil
Reformulated Gasoline Fuel Cycle

oo il ™

Emissions (17.4 % of Total) ' g
., 17.4 % Crude Oil.
(58%*30 =174 %)

30 % Imported Crude Qil

‘Transportation and Storage

Emissions

70 % of Refining Emissions-
Other Petroleum Products Reformulated Gasoline- ,
0% of 2 bl of creds ends wp i ol predc . 30 of . barwi of crale is wed for micrmaiand gmalice .

Figure 1. Allocation Schematic for Reformulated Gasoline Fuel Cycles

properly considered an allocation, it is important from the standpoint. of accounting for energy
inputs. These activities were eliminated from the: fuel cycle: because they would oceurin the
absence of a ethanol industry, since waste will always need to be removed from urban areas,

The second allocation is-similar to the refinery allocation described above. Metal, glass, and
other inorganic materials are separated from the organic materials at the MSW sorting facility.
The metals, glass and other inorganics could be sold or transported to landfills.. The disposal of

the inorganic MSW fraction was not included in the fuel cycle: In addition, the inputs associated.
with transporting MSW from the transfer stations to the sorting facility and the inputs associated.

with sorting MSW were divided between the organic fraction and the inorganic fraction of MSW

on a dry weight basis. Thus, only 71 percent of the MSW transportation inputs (transportation: -
between transfer stations and sorting plant) and .71_percent of the sorting plant inputs are-included:

in-the basecase: =




Allocation Assumptions for the

MSW -E10 Fuel Cycle
o upicipal - ’ Transfer Station
\%un: Garbage Trock :

61.8% N md .“"'--:--: ..........
Allocated 1o Biomate Fesdmocks

..............................................

- (NN % *87% =618%)

100.% Train Emissions:Allocated to Bicunass -
§7% Train Emisticns Allocated to Ethanol.

= "

Ethanol Plant

Figure 2. Allocation Schematic for the E10 Fuel Cycle.

The third allocation is also similar to- the refinery- allocation. Electricity and ethanol are co-
products of a conversion. facility (see Appendix: C; Biomass Conversion).. The net. electricity
output is shown in Table I-4 as a credit in the fuel production stage (netbecause.some:electricity
consumption is reflected in this stage from the- addition of the fisel cycle-inputs- associated with
the gasoline used to denature the ethanol). This credit is NOT reflected. in the: energy balance
because the inputs: associated with biomass production, transportation and. conversion. where
allocated between the two products on a Btu basis. The division between ethanol and electricity
was calculated as follows:-

_cthanol B * gallons per year per billion miles 5
[(LHV ethanol Btu/gal) *(gaﬂyr/bﬂ}ions VMT)] + [(10,400 Btu/Kwhr)*(kwhr/yr/billion miles)

Therefore, 87 percent of the ethanol production inputs are-shown in Table I-4. In addition, only
61.8 percent.of the:sorting and semi trailer transportation inputs:(87 percent: of the-71. percent)
are- shown in: Table:I-4.. :

The fourth allocation. maw:not:beia;properallocatibn;:.butagéiﬁ;: it-is xmportant from:an-energy

DRAFT:: Do not cite; copy,;.or-quote. I D e =T




balance standpoint, The-energy inputs associated with the 90 percent gasoline contained in. E10
are added to the E10 fuel cycle. The additions are made to the stages' where- gasoline is
combined with ethanol. In the fue] production stage, 5 percent gasoline: is used. to- denature
ethanol before it leaves the production facility. Thus, the total fue] cycle.energy inputs associated.

fuel cycle energy inputs. associated with the gallons of gasoline-added to produce:E10 are added
to the E10 fuel cycle in the fuel distribution stage. Thus, some of the- energy inputs: shown in
Table I-4 are energy inputs from the reformulated gasoline fuel cycle (e.g. forthe-90 percent of
the fuel) and some are associated with ethanol production and. use.. Table-I-11 shows the inputs
that are uniquely associated with the ethanol fraction of E10.

'«‘\f%‘!"ﬁ_\r! V

)

. Figure3: FuelecleAlloeahonsfor-E%iBasecases R
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‘Fsble, I-11:  fFuel Cyole Zayentory: 10 without  Reformulated Gasoline Fuel Cycle Emiesions

End- E-95 E-95 MSHW MsSW MSW Grand

Emission or . N ;
Concern ‘" . ' Units’ Use Dist, Prodtn. Trans Sort Collctn Total

Inputs < . '
‘Crude oil o * bbls - 0 0 0 0 1] 0 0
Diesel ‘i~ + - gallons 0 32190 4350 16530 6090 18270 77430
Plesel (No. 6} . . gallons 0 0 0 0 0 0 0
~ ° Ethanol-10 T gallons 0 0 0 0 -0 0 0
“-.; FEthanol-95 ' * . gallons 0 0 0 0 0 0 0
- Gasolipe e .gallons 0 25779840 152250 0 0 0 25932090
Insectjcides S " ‘tons 0 0 0 0 0 0 0
MTBE ' . gallong 0 -0 0 0 0 0 0
- Hatural gas . - ‘mmscf 0 0 0 0 0 0 0
Refinery Products - » gallons 0 0 0 0 0 0 0
Water . 7 . gallons 0 0 30828450 0 0 0 30828450
Electricity e kwh ! 0 8333730 -34928000 214020 13040430 0 18090180
Herbicides’ 1" " tons 0 0 0 0 0 0 0
K20-Ferti]lizer ., tons 0 0 0 0 0 0 0
N-Fertillzer T . tons 0 0 0 0 0 0 0
" P205-Fertilizer .-, tons 0 0 0 0 0 0 0
. Antlfoam ... " tops 0 0 3.48 0 0 0 3.48
" €8 Liquor .. . tops 0 o 57.42 0 (1] 0 57.42
. " Glucose ' ~ tons : . 0 o 69.6 0 0 0 69.6
- §2504 N .. tops | 0 0 522 0 0 0 522
~ Lime’ ) . tons 0 0 362.8 Y 0 0. 382,8
Limestone . , tons ] 0 78.3 0 0 0 78.3
NH3 ... tops 0 0 88.4 0 0 0 88.4
Nutrients - © " tons . 0 0 16.53 -0 0 0 16.53
BFW Chemicals : : 0 0 0 0 0 0 0
| Amine tons 0 0 0.0609 0 0 0 0.0609
" Hydrazine tons 0 0 0,174 0 0 D 0.174
- Na2PO4 © tons 0 0 0.017%4 ¢ 0 0 0.0174
CW Chemicals 0 0 0 0 0 0 0
" Orthophosphate tons 0 0 0.2001 0 0 0 0.2001
- Phosphonate tons 4] ¢ 0.0609 1] 4] 0 0.060%
{ Polyphosphate tons 0 0 0.2001 0 0 0 0.2001
iy Silicate - tons 0 0 0,1653 0 0 0 0.1653
C¥2lpe : tons 0 0 0.087 0 0 0 0.087
- WWT Chemicals 0 0 0 0 0 0 -0
* . Phosphate" : tons 0 0 8.7 0 0 0 8.7
- " polymer ' tons 0 0 0 0 0 0 0
. Urea tons 0 1] 4] 1] a 0 0

-
N
Iy

N . [P . . ’
'NQFFE These pumbers are subject to change as revislons or refinements proceed. These numbers are derived from calcuations

-"-:shoﬂﬂ ip the appendices and modified as described in the author!s potes and the maln body of the report, These values do
g "ﬁF=pec§ssé;41yf;§ELQCt the degree of signficance implied by the number of digits. These numbers are reported as derived
o E qugf“;q epable the interested person to recalculate and thus verify calculations made.

E DW Do ;jg_t cite, copy, or quote. | I-21




Table I-12. Ethanol and Electricity Allocation: for-
E95 Fuel Cycles:

Percent Allocated Percent Allocated.

E95 Basecase to Ethanol to Electricity-
Tifton, GA. 83 1T
Portland, OR, 71 29
Lincoln, NE 83 17
Peoria, IL. | 82 18
Rochester; NY S 82 18
‘Average 80 20

travel 1 billion VMT on E95. The energy inputs unitiuely associated with the- gasoline- used‘to
denature the ethanol are shown in Table I-13. '

The embedded energy associated with the' manufacture of fertilizers used to produce biomass and’
convert it into ethanol are not shown in the input Tables I-6 through I-10; however, it is included
in the energy analysis, Likewise, the embedded energy associated with the electricity consumed
in all of the fuel cycles is shown in the input tables, but is included in the energy analysis.

Calculating Energy Ratios:




Table e 1713,, ' Fuel Cycle Enissions Asscclated with 5 Pezcent Reformulated . Gasoline in E9S

Canes
Emission q; s End- E-95 E-95 Fdstk Aggregate
Copcern ' Units " Use pist. Prodtn. 5T  Fdstk

Inputs . '

Tcrude olli . - bbls 0 0 0 t] 1]
Diesel ai S gallons 0 0 0 0 0
Diesel (No.,ﬁ) gallons 0 0 2.30E404 1] 4]
Ethanol- 10 j: v gallons 0 0 0 0 [+]
Ethanol 95 & gallons 0 0 0 0 0
Gasolipe’! = i . gallons 0 0 0 0 0
Insecticides i tons 0 o 0 0 0
MTBE - i ,3” i gallons 0 0 2,02E405 0 0
Natural gas = ' mmsc £ 0 0 9.6 0 ]

' Refiqery Products gallons -0 1] 0 0 0

©  "Water ° gallons 0 v} 0 0 o

. Electric%t¥ " kWh 0 0 8.57E405 0 0

.. Herbiclides b : tons -0 o 0 0 0

E KZO-Fertllizer . tons "0 . D 0 0 0

N-Fertllizer . tons 0 0. 0 0 0
P205-Fertilizer : tons 0 0. 0 0 1] .

Antifoam’ E tons 0 0 o 0 0

cs quuor oo tons 0 .0 0 0 0

.- Glucose i tons 0o - 0 0 0 0

'H2SO4 "j:}. * ‘ tons 0 0 a 0 0
Lime' %' 2 tons 0 0 0 0 0
Limestone s -teons 0 0 0 0 0

. NH3 : v tons 0 0 0. 0 0
.. Nutriep s tons 0 0 0 0 0
I a C e icals I - :
ek FW h N Lo tons 0. 0 0 0 0
‘Hgdraz}ﬂe E tons 0 0 ] 0 0
: 2?0} o tons 0 0 0 0 o
CH Chem ca}s - T
Orthooposphate,r; tons o 0 0 0 0
Phosp'ln“tu ' tons "0 0 0 0 0
> Polyphosphate : tons 0 4] ¢ 1] 0
Silic:';_ B tons 0 0 a 0 0
Zlnc PooEL o tons 0 0 0 0 0
ﬁwT Chep 1cals
Ehosp ate, S tons ¢ 0 0 0 0 :
olyme; i tons 0 0 0 0 0 '
D;ea TP tons 0 0 0 0 0 :

- Nﬁte;' Tpese pumpers are sublect tq change as revlsions or refilnements proceed. These numbers are derived from calcuatiops
. shopn 4ﬂ tne ‘& peﬂnlces and modifled as describéd in the author's notes and the main body of the report, These values do
qecessarlly reflect the degree of signflcance implied by the number of dlgits., These nugmbers are repcrted as derlved

ﬂgggorder to enable the interested person to recalculate and thus verify calculatlons made.
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The: gasoline. that is added to E10 and E95 is not shown; however; the fiel cycle inputs
consumed to produce the gasoline (crude oil, diesel #6, electricity) are added in proportion to the
number of gallons of reformulated gasoline consumed in the ethanol basecases. The process.
energy estimates for the ethanol basecases include the process energy required to produce the:
gasoline: that is added. to ethanol for denaturing and blending.

The fossil fuel energy balance. compares the fossil fuel inputs: to the total fuel output. To the

shrinkage that is used for process energy is captured in this measure; however; the waste lignin
consumed in the ethonal plant is not: because it is not a fossil fuel..

Total energy efficiency includes process energy and the organic and fossil fuel feedstocks, the
sum of all of the energy resources required to produce the liquid fuel ‘compared to the energy
contained in the liquid fuel produced. Because the total amount of feedstock produced is
included and compared to the total energy output: of the fuel production stage, this measure
captures the efficiency losses that result from consuming feedstocks for process. heat, steam, and
powerin the fuel production stage.

The energy inputs shown in Tables I-3 through I-10 were multiplied by their-associated energy
values and summed to determine the total amount:of energy-inputs for each base case and type
of energy ratio. This process and the results are shown in Table I-14.

Table I-15 shows the resuits of the energy analysis without the allocation of coproducts from the-
fuel production stage. Instead of dividing the biomass production, transportation and conversion

reformulated gasoline and all other refinery products. In the MSW-case; the:allocation of ethanol
and electricity was removed. from the sorting, transportation (of MSW. from. the- transfer- station
to- the: sorting facility,. and. of biomass from: the sorting- facility to the- conversion plant), and.
conversion inputs. As a result, both the fuel output and.the inputs. that were: allocated increased:
by the same proportion when the allocation was removed because the allocation ratio was. based.
on the energy content of ethanol (or reformulated gasoline) compared to the total output of the
- fuel production facility (conversion plant or refinery). _

. DISCUsSIoN
Proécsé :c'nergy ratios include the energy required to operate equipment and.thefenefgy_' embedded.
in-fértilizer and electricity for the. four stages of the fuel cycle:- feedstock production; feedstock: -

transportation, fuel production,.and fuel distribution.. The: end-use- stage-is: the:output:sincesthe: L

only. operaﬁon.tharfoccm's-'ii'r:thatistage.isethef-combusﬁontdftﬁerfﬁel[toipm\_riﬂétndbi]ift}i{

 energy does notinclude: feedstock energy values-or fuel’additives suck; MIBE:. Asidresult




Fable I-14. &

UNITS
FEEDSTOCK ?RODUCTION

- DIBSEL # ] GAL
DIESEL ls o  GAL
BLECTRICITY KWHR
PATURAL GAS . . MMSCP
N-FERTILIZER TONS
K20 FERTILYZER . TONS
p20%° rsar:prssn TONS
SUBTOTA :
rasnsrncx TRANSPORT
DIESEL # GAL
PIESEL g GAL
ELECTRI IT¥ KWHR
HATURAL: GAS , MMSCF
suqroran i :
FUEL Enonucrroq T
DIESEL'§2 GAL
DIESEL §6 GAL
BLECTRICITY KWHR
NATDRAL GRS SCF
nnuoq TONS

I ; TONS
puospun e TONS
gupramARt

rusn prsrarsurrou
DIESE GAL
pzzssn s GAL
ELECTRIEITY KHHR
uarnann'gas MMSCF
SUBFOTAL
TOTAL cy cxs -

" PIESBL GAL
DIESEL 5 . GAL
BLECTRICITY KHHR

ATORAL GAS MMSCF
-rpnr:nlzan ToNs'
FERT ILIZER TONS
gzds rzq;xntzsa TONS
TONS

ﬁ%ﬁ“ " TONS

rpuosrna;s TONS

‘.'I'nL

BL ENERGY INPUTS (MMBTU)

rudg el lnPuts g::
Bloqgss 1pputa TOoNS
Tﬂ?ﬁg §NERGY PPODUCT;MHBTU]

§§r§g of 1pp gloutPuts

FOSSIL FUEL PROCESS ENERGY IN/FUEL QUTPUT
.. FPSSIL FUEL PROCESS AND FEEDSTOCK ENERGY IN

AND' FUEL' OUTPUT
5 UTS/TOTRL OUTPUTS

BTU/UNIT

128,700
137,500
10,400
1.00E+09
50,000,000
6,000,000
6,000,900

128,700
137,500
10,400
1.002+°9

128,700
137,500
10, 400
1.00€+409
11,176,471
30,800,000
6,000,000

128,700
137,500

10, 400
1.00E+09

128,700
137, 500
10,400
1.00E+09
§0, 000,000
6,000, 000
6,000,000
41,176,471
36,800,000
6, 000, 000

138,000
94,072
15, 000 000

HBY BILAHCIB FOR FORL CYCLES FOR BﬁS!CASIﬂ

PACIFIC
NORTHWEST
PORTLAND
UNITS/ MMBTU/
109Vt 10°9yMT
536, 050 68, 990
o "o
0 0
o 0
852 42, 600
248 1,408
248 1,488
114,566
350, 740 45,140
0 0
] 9
0 0
45,140
35,018 4,507
23,000 3,163
857,000 8,913
9.6 9,600
711 29,276
.. 284 8,147
TN 596
o 64,802
81000 10,425
0 i
1.350E407 140, 400
0 o
150,825
1,002,808 129,061
23,000 3,163
14,357,000 143,313
9.6 9,600
852 42, 600
240 1,408
248 1,488
711 29,276
-284 8,747
99 596
375,333
1,549,797 213,872
202000 ;003

277610 4,?%; 500
35,400,000 2,751,642
In/Out

0.14

0.22
1.94

'DRAFT: Da ngt cite, copy, or quote.

SOUTHEAST
TIFTON
UNITS/ MMBTU/
10~9YMT 10"9VMT
498,000 64,093
0 0
0 0
0 0
1,371 68,550
1,070 6,420
747 4,482
143,545
253,150 32,580
o 0
0 0
0 0
32,580
67,157 8,643
23,000 3,183
857,000 8,913
9.6 9, 600
628.4 25,875
415 12,782
182.6 1,096
70,0
99000 12,741
[¢] 0
1.330E+07 138,320
0 0
151,061
917,307 118,057
23,000 3,163
14,157,000 147,233
9.6 9,600
1L,In 68,550
1,000 6,420
"7 4,482
628 25,875
415 12,782
183 1,096
+397,258
1,549,797 213,872
202000 19,003
298800 4,755,900
35,400,000 2,751,642
In/Qut
0.14
0.23
1.96

GREAT MIDWEST/
PLAINS LAKE STATES
LINCOLN PEGCRIA
UNITS/ MMBTU /S UNITS/ MMBTU/
10+ 9viqT 10+ 9vMT 10~3VMT 1049YMT
650,720 813, 148 552, 680 71,130
] o [ a
4] 0 a 0
] [ 0 1]
2,125 106, 250 1,402 70,100
2,366 14,196 1+123 6'138
1,577 9,462 795 4,770
213,556 152,738
166,000 21,364 162,360 20,096
] 0 0 a
4] 0 4] 0
0 0 0
21,364 20,896
194,500 25,032 1, Oz 9,919
23,000 3,163 23,000 3,163
857,000 8,913 85? 000 8,913
9.6 3,600 9.6 9,600
592 24,376 653 26,808
498 15,1338 492 15,154
208 1;248 172 1,032
87,670 740668
92000 11,840 104000 13,385
2 P LA
1.340E+07 139, 360 1.330E+07 138,320
[i] 0 0 0
151,200 151,705
1,103,220 141,904 896,113 115,330
23,000 3,163 23,000 3,163
14,257,000 148,273 14,157,000 147,233
9.6 9,600 9.6 9,600
2,125 106,250 1,402 70,100
2,366 14,196 1,123 6,738
1,577 9,462 795 4,770
592 24,378 653 26,888
498 15,338 492 15,154
208 1,248 172 1,032
473,689 400,007
1,549,197 213,872 1,549,797 213,872
202000 19,003 202000 19,003
353580 5,303,700 307500 4,813,400
35,400,000 2,751,642 35,400,000 2,?51,642
in/Cut In/out
0.17 0.15
0.26 0.23
2.18 1.98
I-25

RORTHEAST

ROCHESTER
UNITS/
104 9VMT

591, 180
]
1]

g
2,385
1,870
1,279

204,540
E 0

0
0

83,640

23,000

857, 000
g

633
492
190

65000
0

1.350E+07
]

1,030,960
23, 000
14,357,000
8.6

2,386
1,870
1,279

633

492

150

1,549,797
202,000
315,700

35,400,000

HMBTUS
10~9yMr

76,934
0

0

6
113,300
11,220
7,674
215,126

36,620
0
0
a
36,620

10,764
3,163
8,913
9,600

26,065

4, 1198

8,366
"o
140, 400
T
148,766

132,685
3,16
149,313
9, 600
112,300
11,220
1,674
26,065
15,154
1,140

475,312
213,872
19,003
1,936,400
2,751,642

Infout
0.17

0.26
2.05



FABLE I-14 CONTINUED :
RIS RS P E95

Averages
R L UNITS/ MMBTU/
e UNITS ~ BIU/UNIT 10"9VMT  10°9VMT
;fr:znsrocx gaonuc;;on e :
| DIESEL 2 ' GAL 128,700 567,046 72,979
.. DJESEL §6 :. . . GAL 137,500 ] o
. ELECTRICITY = . KWHR 18,100 0 0
. HATURAL GAS . . MMSCF 1.00E+09 0 0
- N-FERTILIZER _ TONS 50,000, 000 1,627 61,360
.. K20' FERTILIZER _TONS 6,000, 000 1,335 -~ 8,012
. p20S rsar;P;zsa - JONS 6,000,000 ‘929 5,575
- SUBTOTAL S o _ 167,926
: -rezoswocx Tnnnseonr : : .
.. DIESEL §2 GAL 126,700 243,358 31,320
7 DIESEL 46 - ©GAL . 137,500 g "o
. BLECTRI( o+ KHHR O - 10,400 0 0
© - : BATURAL MMsCE 1.00E+09 o o
. gps;O' S -3L A : 31,320
L FUB {aonucrzou c
: fprssa GAL 1za 700 . 91,478 11,773
" PIESEL GAL 137,500 23,000 3,163
-~ ELECTRI IT! . KRHR 10,400 ss1.uoo 8,913
". NATURAL GAS . MMSCF 1.00E+09 9.6 9, 600
" AMMONIA TONS 41,176,471 . 6431 26,496
. DREA TONS 30,800, 000 436 13,435
“fpnnspunrp . TONS 6,008, 000 110 1,022
- JURTOTAL o 0 ;402
FUEL nlsrnxaurxon
2 GAL . 128,700 88,200 11,351
GAL 137,500 0 D
KWHR 10,400 13,400,000 139,360
HMSCF 1.DOE+09 0 R
L SR © 150,71
"GAL 128,700 990,082 127,429
. _ GAL 137,500 23,000 3,163
S . KHRR 10, 400 14,257,000 148, 273
" NATURAL GAS . : MMSCF 1.00E+09 9.6 9, 600
u-rgnr:n:zzn TONS 50,000, 000 1,627 61,360
anr:zrzsa TONS 6,000,000 1,335 8,012
".pzos FERTILIZER TONS 6,000,000 929 5,575
S TONS 41,176,471 643 26,496
30,800,000 436 13,435
6,000, 000 _ 170 1,022

424,360
338,000 1,549,797 213,872
"94,072 202,000 13,003

35,400,000 2,751,642
, ¢ 151,

In/out
R oss:n rusn endcsss ENERGY IN/FUEL QUTPU 0.15
. foss;p FUEL ?RDCESS AND FEEDSTOCK ENERGY
) AND FUEL OUTPUT : . 0.24
-TOFAL WEF?S/TF??PL puzpUTS : 2.02

T QABT Dp nop cite, copy, or quote.

15,000,000 310,638 g,sos 180

REFORM

GASOLINE
2000

UNITS/

10~ 9vMT

0

0
3,710,000
’ o

6,000
378,000
1,080,000
0

0

0
4.520E406
160

HsH
PEORIA
UNITS/ MMBTU/
10°9VMT 10~ 9VYMT
24, 360 3,135
Q (]
1,295,430 13,972
R ¢ ]
0
0
4]
16,608
16,530 2,127
] ]
214,890 2,235
+] 0
1,362
4,350 560
2,000 275
199,000 2,070
0.9 830
86.4 3,640
0 2
8.7 52
' 7,497

3,000 11,454
397,000 54,9508
4.217E+07 438,610
- 139 139,000

643, 651

134,240 17,277
393,000 54,0863
43,883,320 = {56,307
139.9 139,900

0 4

0 o

0 o

a8 3,640
0 0

9 52

672,118

25,704,000 3,547,152
al300,000 ~'310;430

33,100,000 3,546,334

In/Qut
0.19

1.28
1.41

30,450 481,980

30,000
$6,000
2.040E107
[

56,000
434,000
35,710,000
S 160.0

ODOQQD

20,056,000
3,610,000
[

32,500,000

REFORM.
GASOLINE
© 2010
MMBTU/ UNITS/ -
10~ 9vMT 109wt
0 ¢
0 0
34,584 3,350,000
o 0
b L
0
0
38,584
172 6,000
51,9715 354,000
73,632 6,930,000
0 S0
126,379
0 o
0 0
47,008  3.910E+06
160,000 150
: 0
[
0
207,008
6,435 411,000
7. 700 48,000
212,160 1.760E407
SR h 0
226,295
7,207 47,000
59,675 402,000
371,384 31,790,000
160,000 150.0
[ 0
0 0
0 0
0 0
1} 0
0 0
598, 266
3,071,728 24,612,000
339,600 13,120,000
0 S
3,594,500 28,100,000
In/Out
0.17
1.34
1.34
I-26

MHBTU/
10~9vmr

34,840
0

0
0

0
34,040

112
48,675
72,072

0
121,519

[1]

0
40,664
150,000
AR A

0

0
190,664
5,277
6,600
183,040
0
194,917
6,049
55,275

330,616
150,000

cooooo

541,940
3,396,456 °
zs; 505

0

3,107,860

In/Out
0.17

1.36
1.36



FOR TUEL CYCLES WITE FUEL PRODUCTION COPRODUCTS
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TABLE I-15; . ENERGY BALANCES
N ’ PACIFIC SOUTHEAST GREAT MIDWEST/ NORTHEAST
WORTHWEST PLRINS LAKE STATES -
PORTLAND TIFTON LINCOLH PECRIA ROCHESTER
) UNITS/ MMBTU/ UNITS/ MMBTU/ UNITS/ MMBTU/ UNITS/ MMBTU/ UNITS/ MMBTU/

. ) URITS BTU/UNIT  1049YMT . 10~ 9vMT 10"SVYNT 10-9VMT 10~ 9¥MT 10~ 9VMT 10*9WiT 10~9VMT 10" 9vMT 10" 9YMT
}‘Er.ns‘rocx FRODI]CTION i : B j
PIESEL ; GAL 128,700 755,000 97,163 600,000 71,220 784,000 100,901 674,000 86, 744 729,000 93,822

- DIBSEL 5 N GAL 137,500 +] "0 Q 1} 1] : 1] +] ' 1} [+] 0

" ELECTRICITY KWHR 10,400 0 0 0 0 0 0 0 0 0 0

NATURAL GAS ., MMSCF 1.00E+09 0 ’ 0 0 0 0 0 0 0 0 0

s N-FERTILIZER TONS' 54,000,000 1200 60,000 1,652 82,590 2,560 128,012 ). 710 85,484 2,910 145,488
-7 ReO FERTILIZER - TONS 6,000,000 349 © 2,096 1,289 7,735 2,851 17,104 1,370 8,211 2,280 13,683
" ons'FBBTIL;SF_R .‘;'_ONS 6,000,000 349 2,096 200 5,400 1,900 11 400 870 5,817 1,560 9,359

_spg;_o'jrl priaees - s 161,360 172,945 257,416 186,266 262,352

FEBDSTOCK TMNSPORT
IESEL 12 GAL 128,700 494, 000 63,578 305,000 39,254 200,000 25,740 198,000 25,401 347,000 14,659
JESEL §6 . GAL 137,500 o 0 0 0 ) 0 0 0 o e
" mcmzclﬂ KWHR "10,400 0 0 Q 0 0 0 0 0 0 h
- WATURAL' GAS MMSCF 1,00E409 o 0 0 o 0 0 0 0 0

. su.aroup“‘ : S U 63,578 39,254 25,740 25,483 : 44,659
FUEL Pnonucnou :

DIBSEL' 42 GAL 128,700 49,321 b, 348 80,912 10,413 234,337 30,159 93,991 12,097 102,000 13,127
DIESEL {6 - GAL 137,500 23,000 3,163 23,000 3,163 23,000 3,163 23,000 3,163 23,000 3,163
ELBCTRICITY KHHR 10,400 857,000 8,913 857,000 8,913 857,000 8,913 857,000 8,913 857,000 8,913
HATURRL GRS MMSCF 1.00E+09 9.6 9,600 9.6 9, 600 9.6 9,600 9.6 9,600 9.6 9,600
AMMONTA - TONS 41,176,471 1001 41,234 157 31,175 713 29,369 796 32,1791 772 31,1786
~ UREAC TONS 30,800,000 400 12,320 500 15,400 600 18,480 600 18, 480 600 18,460

, paosgmu-g TONS 6,000, 000 140 T840 220 1,320 251 1,504 210 1,259 232 1,390
supTor. p S : 82,417 79,9604 101,187 86,301 86,459
FUBL DISTRIBUTION
PIESEL §2 GAL 128,700 61000 10,425 53000 12,7141 92000 11,640 104000 13,365 65000 8,366
DIESEL 16 GAL 137,500 a "4 o 1] a 0 o B ] : 4] [+]
ELECTRICITY KHHR - 10,400  1.350E407 140,400  1.330E+07 138,320  1.340E+07 139,360  1,330E407 138,320 1.350E+07 140,400

IATORAL GRS MMSCF 1.D0E+09 0 "t 0 0 0 [ 0 "t 0 0
UQTOTN.. : 150,625 151,061 151,200 151,705 148,766
row- CYCLE :

PIESEL’ §2 - GAL 128,700 1,379,321 177,519 1,084,912 139,628 1,310,337 168,640 1,069,991 137,708 1,243,000 155,574
DIESBL 16 - GAL 137,500 T 23,000 3,163 + 000 3,163 23,000 3,163 23,000 3, 162 ‘23,000 3,163
BLECTBICITY KHHR 10,400 14,357,000 149,313 11.,15? 009 147,233 14 257, 000 148,273 14,157,000 147,233 14,357,000 149,313
NILTUBAL GAS MMSCF 1.00E+09 9.6 9,600 9.6 9,600 - 9.6 9,60 9.6 3,600 9.6 9,600

: ERTILIZER TONS 50,000,000 1,200 60,000 1,652 82,590 2,560 128,012 1,710 85,488 2,910 145,468
}(20' rERTILIZER TONS 6,000,000 349 2,096 1,209 7,735 2,851 17,104 1,370 8,217 2,280 13,683
?205 FERTILIZER TONS 6,000,000 349 2. 096 900 5,400 1,900 11,400 970 5_ 817 1,560 9,359

ogl"[ TONS 41,176,4N 1,001 41,234 137 31,175 713 29,369 796 32,791 172 31,786
Yo TONS 30,800,000 T 400 © 12,320 500 15,400 600 18,480 600 18,480 600 18,480
PHOSF]-IATE TONS 6, 000,000 140 1840 220 1,320 251 1,504 210 1,259 232 1,390

TOTJII. ENBRGY INPUTS{PEIBTUI 458,100 443,244 535,544 449,759 542,235
erdq 011 *pputs GAL 138,000 3,549,797 ' 2}358?2 1,549,797 213,872 1,549,797 213,872 1,549,797 213,872 1,549,797 213,872
MIRE ;¢ . GAL ‘94,072 202000 9,003 202000 19,003 202000 19,003 202000 19,003 202000 19,003
P;omsss {pputs TONS 15,000,000 391000 6,650,000 360000 5,730,000 126000 6,390,000 375000 5,870,000 365000 6,020,000
FUEL I'RDDUCTION 35,440,000 2,751,642 35,400,000 2,751,642 235,400,000 2,751,642 235,400,000 2,751,642 35,400,000 2,751,642
COFFODUCT FRODUCTION 101.513 000 1,056,047 50,203,000 522,111 51,606,000 536,702 55,706,000 §79,342 54,917,000 571,137

{KWHR) {KWHR) ~ {KHIIR) {KHHR}) {KRIIR}

Fatio of 1nputs!oul:puf.s ) In/Out In/oOut In/Out Infout In/Out
FOSSIL FUEL PROCESS ENERGY IN/FUEL OUTPUT : 6.12 0.14 0.16 0.14 0.16
~ FOSSTL FUEL PROCESS AND FEEDSTOCK ENERGY IH

AND FUEL OUTPUT 0.18 0.21 0.23 0.20 0,23

;j‘p‘uu. INPUTS/TOTPL OUTPUTS 1.93 1.96 2.18 1.97 2.05

I-27



: " H-FERT

.} DIBSEL

. UNITS
FEEDSTOCK pnonucrlou ;
DIESEL 42 /- . GAL

. DIESEL 6 - GAL

- BLECTRICITY KHHR

" HATURAJ GAS ,; . MMSCF

. LIZER' TONS

- K20 rsnr;nx;gga ;gg:

. P205 FER +, TONS
- SUBT TALT¥P - -
- rssnsrncx TRANSPORT )

. DJESEL §2 GAL
DIBSEL 46 _ GAL
BLECTRICITY KHHR

~ MATURAAL GQS . Mmscr

_ sustoran

" FUEL EBcoucwzon .

, PIESEL §2 . GAL

. DIESEL (6. GAL

T ELECTRICITY KWHR
NATURAL  GAS MMSCF
'AMMONTA TONS

o TONS
o vﬂosvnnra TONS
: EQ?OT L
'FUEL DIsrpInUTIoN
GAL
-~ DIESEYL a GAL
. ELECTRICITY - KWHR
- _HATORAL- Gas MMSCF
-§ T .
GAL
GAL
LE RHHR
Th MMSCF
f' ' 2 FoNs
25, TILJ2ER TONS
Q3 RTILIZER TONS
lguuog T TONS
1] ToNs
P fous
aL sac upurs BTU)
d: F 1 *r 3t§ ‘EH
ks AR GAL

 Foys

¥ }mﬁs _tpfutg

: |
BTU/UNIT
128,700

137,500
10,400

1.00E+09

50,000,000

6,000,000

§;000, 000

128,700
137,500
10,400
1,00E+09

128,700
137,500
'10, 400
1.00£+409
41,176,471
30,900, 000
6,000,000

128,709
137,500
10,400
. 1,00E£09

128,700
131,500
"10, 400
1.00E+09
50,000, 000
"6, 000, 000
* 6,000,000
41,176,471
30,800, 600
‘6,000, 000

lsa,ooo
94,0
15,000, ooo

M

:nééiés :Nspsr IN/FUEL OUTRU .
’nocsss AND’ FEEDSTOCK ENERGY
QHT

MsH

PEORIA
UNITS/
109VMT
28,000
1]

1,498,900
AN Rt

19,000 -

0
247,000
g

5,000
2,000
199,000
0.9

102

10

89,000

397, 000
4. 217407
139

141,000
399,000
44,118, 900
139.9

0

0

o

102

o

10

25, 704, 060
3,300, 000
'35, 000
33,100, 000

3,498 000
fHHR}

ESS
hverages
URITS/ MMBTU/
10*9vHT 10°9VMT -
708400 931171.08
e 0
0 0
-0 0
2,006 100315,60
1,628 9766.8657
1,136 €814.2768
- 200067.82
308800 39742.56
Q R
0 0
0 0
39742.56
112,112 14,429
23,000 3,163
85?,000 8,913
9, 9600 -
008 33,211
540 16,632
210 1,262
6 e
68,200 11,351
R o
13,400,000 139,360
g ot
150, 711
1,217,512 155,694
23; 000 3,163
14.25?,000 148,273
9.6 9, 600
2,006 100 als
1,628 9,?67
1,136 6,814
808 3, 27
540 16,632
210 ‘1,262
485, 7191
1,549,797 213,072
© 202000 19,003
387400 6,132,000
35,400,000 2,751,642
62,795,000 - 653,068
{KWHR}
In/0ut .
0.4
0.21
2.0

MMBTU/
10~9yNT

3,604
15, 589

oo o

19,192

2,445
0
2,569
0
5,014

644
275
2,070
900
4,184
0

60
8,132

11,454
54,588
438,610
139,000
643,651

18,147
54,063
456,837
133, sog

0

0

4,184
o

60

675, 990

3,547,152
310, 43a

§54,000°
3,545,334'

36,379
In/out
0.19

1,27
1.42

REFORM
GASOLINE

2000
UNITS/
1079V

0

: 8
1.828E+07
e

17,143
1,080,000
2.023E+07

0

0
1.291E+07
457

50,000
56,000
2,040E407
0

67,143
1, 135 000
71,818,719
451.1

Soocooo

BD 160,000
3,610, 000

32 500,000
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the: process energy ratio underestimates the: actual processing energy requirements because:
thebiomass and. crude oil consumed in the fuel production stage to produce: process heat and.
steam has not been accounted. for..

The E10- fuel cycle: consurnes slightly. more energy inputs: than the reformulated. gasoline. fuel
cycle in 2000, mostly because of redundant fuel transportation requirements.. E95 fuel cycles.are:
slightly-more efficient than reformulated: gasoline: 2010,.consuming fewer Btus of process energy
inputs: for every Btu' of: output: There: were- also- a. number of interestings results. from  the:
examination: of energy consumption: by: processing stage.

Feedstock production is almost three: times more- energy intensive (Bt of energy consumed per:
Bm of energy feedstock produced).for both. E95* and the ethanol component: of E10 than for
reformulated gasoline:. This is- the result of producing:a: relatively diffuse, low-Btu. fuel. Half
of the energy required in feedstock. production for E95 is used. to fuel farm equipment (diesel).
and half is embodied in the production of nitrogen fertilizer: Most of the energy used in biomass.
production in the E10 fuel cycle is- electricity to operate the MSW sorting facility. Because.
cthanol.is only 10 percent of the fuel, the: processing energy is low compared.to the: energy
required to produce and process crude oil. If MSW was the feedstock for an E9S fuel cycle, the
energy consumed in the feedstock production stage would be similar to energy crop production
(e.g., approximately ten times higher)..

The energy consumed in feedstock transportation is four to five times higher for reformulated
gasoline than for ethanol fuels on a basis of Btu of energy consumed. per Btu of feedstock
moved. Nearly 60 percent of the energy requirements in: crude transportation are electricity
inputs for pipeline transportation. The. remainder is diesel for tanker, barge, rail, and truck.
transportation. Crude is transported longer distances (average 615 miles) compared with biomass
(26 to 48 miles), which offsets any benefits: of moving-a:more: condensed energy product.

Crude oil refining is more energy intensive per Btu of final product (reformulated gasoline) than
biomass. conversion to E95 when only the process energy inmputs-are considered. Part of this:
conclusion results from not accounting: for internally produced. and. consumed. process energy in
either fuel cycle (by-products of refining and ethanol conversion that are-combusted for process
heat and power).. :

Almost: 85 percent .of the-energy inputs-reported' i the- E10 distribution stage are the energy
consumed. in the fuel cycle activities for producing reformulated gasoline, which is blended with
E95 in the distribution stage. The remainder is the: energy required to transport E95' to the
blenders and deliver E10 to local retailers.. ' When- the energy required to distribute reformulated.
gasoline:is combined with the energy required to distribute E95 to the- bulk facilities and E10 to
retail users, total energy consumed in the E10-distribution stag 'is' 45 percent higher than for-
reformulated- gasoline-distribution-alones. « - -sacssc o+ o o o

The. E95" fuel cycles: consume: less: energy in: the- distribution: stage' compared. w1th tﬁe:; '
reformulated. gasolinefﬁel’?cycles.bec_auserrgférmulatechasolihe:di&tribuﬁon- is based on national -
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average ftransportation distances. and. E9S . distribution. is: . based om regional distribution '
infrastructure patterns.. @ = - - S R . , e

The second method. of calculating an energy ratio provides an insight into the effects of an
ethanol fuel industry on our depletable resources; The total impact-of consuming fossil' fhels:is
examined by adding the: crude feedstocks (and. MTBE)-to. the- process. energy estimates;. This:
includes the crude féedstocks that: are: transformed into- reformulated gasoline and: added: to: the-
ethanol fuel cycles in the conversion and distribution: stages.. Figure 4-provides a breakdown-of
process energy inputs and outputs by stage,. crude oil feedstocks: are: shown: as a separate: input.

E10 provides a.small. benefit- compared. with: reformulated - gasoline: in 2000. by consuming: 4.5
percent fewer Btus of fossil process energy for every Btu of fuel produced.. In 2010, only 0.24-
B of fossil energy is required to produce 1 Btu of E95, whereas 1.36 Btu of fossil energy:is
required to produce 1 Btu of reformulated’ gasoline. Clearly, a biomass-ethanol industry could
extend our fossil fuel supply over a longer period of time if' the-ethanol- is used as a dedicated
fuel to augment or displace future gasoline demand. The energy balance’ for reformulated.
gasoline in 2010 shows some: improvement over the ratio of the fuel in-2000, butit-still requires
more-fossil energy input than output produced.. - ' ‘ : .

Scale also equals 1,000 Boa/mi ..
’ EI et A e AT S VI Rl

énergy cycles including;crude.oil feedstocks... -
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The third method of calculating energy ratios reflects the sum of all of the inputs (fossil and
organic) associated with fuel production. Ethanol fuel cycles appear to be less efficient than
reformulated gasoline fuel cycles- (Figure'5).. Twice as much total energy is used to produce E95
than is contained in the fuel itself; however, 80 percent of that'energy is. renewable: The lower
energy efficiency of the E95 fuel cycle-is primarily the result-of converting only a fraction of the
feedstock into a condensed liquid fuel and. using a low-Btu. boiler fiel in_the ethanol plant;.

In Table I-13, only a.fraction of total energy- inputs are shown in each of the fuel cycles—-the:
portion required to produce, transport, and convert feedstocks into liquid fuel. The. allocations:
discussed eariler have been applied to the scenarios. that: yielded the energy consumption: and.
production estimates.. The excluded energy inputs are transformed into other products, like diesel,
electricity, or asphalt. If the electricity produced from the- ethanol. plant and the other refinery
products are included in the fue] cycle analysis, the feedstocks and’ otherinputs are not allocated
among by-products. Table I-14-shows. the: unallocated energy inputs, energy contained in the by-
products, and resulting energy ratios. Including all of the feedstock inputs and all of the resulting

- products does not significantly alter the energy balances reported in Table I-13. Figure 6 depicts
the information in. Table I-14- graphically.. -

0- 2 4 6
Million MMBuubiltion VMT-

[ roabia. B’ Crude Foedmock. [TT) Blomas Fecdsioek.

Flgure 5. Total energy cycles including: biomass: feedstocks.
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Figure 6.. Total energy cycles including- coprbducts. .

Very little change is noticed. between the allocated and. unallocated energy analyses. The energy
ratios for reformulated gasoline fell slightly becanse fuel transportation became a smaller portion
of the total energy input and the inputs and outputs. of the other stages increased porportionally
when the allocations were removed. As a resuit of this change, the fossil fuel consumption per
B of few output is roughly similar-for-E10 and ‘reformulated. gasoline and the process. energy
requirements for E95 and reformulated gasoline are equal. The previous small advantages that

ethanol fuels held over reformulated gasoline disappeared with the exception that the ratio of

fossil fuel inputs to fuel output for estimated for reformulated“gasoline is still 6 times larger than
the ratio estimated for E95:.- - .- - e L
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SUMMARY

There: are- three: majar conclusions: drawn: from: this analysis:.

. E95 requires only 1 Btu of process énergy to produce 7 Btu of fuel. This- better-than the-

. Ethanol fuels require less fossil energy per Btu of fuel output compared. to reformulated.
gasoline. Only 1 Btu of fossil energy is required to produce 5 Bty of E95 fuel compared.

. The total energy requirements per Bm of fuel produced is higher for ethanol fuels
compared to reformulated gasoline because a some of the biomass feedstock is converted.

to electricity, which has a high conversion ratio (Bt in/Btu out), compared to ethanol

production. If a larger fraction of the- biomass feedstocks can be converted to ethanol,
this ratio could be reduced..

Ethanol fuels are a promising solution to our declining reserves of petroleum, either through
augmenting existing fuel supplies by diluting gasoline with ethano] or through developing new
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